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The development of catalysts capable of promoting hydrogenation of aromatics while being resistant to
poisoning by nitrogen- and sulfur-containing species is of much interest in connection with hydrotreat-
ing of fossil fuels. We report a catalyst composed of ruthenium nanoparticles supported on magnesia,
designed to promote heterolytic hydrogen splitting and surface ionic hydrogenation pathways. The cat-
alyst, prepared through a one-pot procedure, promotes the hydrogenation of mono- and poly-cyclic are-
nes, as well as N- and S-heteroaromatics representative of fossil fuels components. Of particular
significance are the superior activity and wider substrate scope of the catalyst, in relation to other known
supported noble metals, and the excellent recyclability and long catalyst lifetime. Based on our experi-
mental data, a dual-site catalyst structure and an associated dual-pathway mechanism are proposed,
which may have interesting implications for the development of new poison-tolerant noble metal cata-
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1. Introduction

Fossil fuels—coal, oil and natural gas—currently provide over
80% of the energy consumed in the US [1] and will continue to
be the predominant energy source worldwide by 2035 [2,3], in
spite of the aggressive development of alternative renewable en-
ergy sources. In particular, global consumption of conventional
transportation fuels, a significant source of air pollution, will con-
tinue to grow. Environmental regulations impose increasingly se-
vere restrictions on the aromatics, sulfur, and nitrogen content
allowed in fuels [4-7]; the low levels required are difficult to
achieve with current refining technologies. Considering the current
level of oil consumption, in the foreseeable future, liquid fuels will
necessarily come from unconventional sources, such as heavy and
extra-heavy oil and bitumen deposits. Such fossil materials contain
higher levels of poly-cyclic aromatics, nitrogen and sulfur, all of
which need to be removed or transformed to produce cleaner fuels
and to avoid poisoning of precious metal catalysts employed in
subsequent steps of the refining process [8,9].
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Catalytic hydrogenation plays a pivotal role in the manufacture
of cleaner fuels: the proportion of aromatic hydrocarbons is low-
ered through hydrogen addition (HYD); removal of nitrogen and
sulfur is routinely achieved through hydrodenitrogenation (HDN)
and hydrodesulfurization (HDS), both of which involve key hydro-
genation steps within complex reaction networks [8,10]. Conven-
tional metal sulfide hydrotreating catalysts (Co-Mo, Ni-Mo, and
Ni-W) can only saturate a moderate proportion of aromatics due
to thermodynamic equilibrium limitations under typical operating
conditions (300-400 °C, 50-100 atm) [8]. Supported noble metal
catalysts, on the other hand, can function at lower temperatures
far from equilibrium conditions, but they are easily poisoned by
N- and S-containing compounds present in refinery feeds [11].
Therefore, there is a continuing need for efficient catalysts capable
of promoting hydrogenation of aromatics under moderate reaction
conditions, while being resistant to poisoning by nitrogen and sul-
fur species.

Although hydrogenation by metals is a well-developed field
[12-14], the use of nanoparticles (NPs) in catalysis has been
attracting increasing interest due to the advantageous activity
and selectivity features associated with the small particle size
[15-26]. Ruthenium nanoparticles (RuNPs) in particular, stabilized
by ligands or macromolecules [27-35], surfactants [33,36], ionic
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Scheme 1. Heterolytic H, activation and ionic transfer to polar unsaturated bonds on a solid catalyst surface comprising metal NPs and basic functionalities (B) on the

support.

liquids (ILs) [37-41], or supports [42-67], have been employed for
hydrogenation of aromatics, mostly of benzene and other monocy-
clic arenes. The role of the solid supports, in most instances, is to
avoid NP aggregation and to facilitate catalyst recovery and recy-
cling, but seldom to intervene directly in the chemistry of key steps
of the reaction.

The most widely accepted hydrogenation mechanisms on solid
metal-containing catalysts involve homolytic H, splitting on sur-
face metallic sites into hydrogen atoms, which are subsequently
transferred to the chemisorbed substrates [12,14]. N- or S-contain-
ing species frequently bind strongly to such active metal sites,
causing catalyst deactivation or poisoning. An interesting but
much less frequently encountered alternative pathway is the
base-assisted heterolytic splitting of hydrogen into H~ and H, fol-
lowed by outer sphere ionic transfer to polar unsaturated bonds of
the substrate (Scheme 1). Hydrogenation mechanisms of this type
do not require the direct binding of substrates or products to the
metallic sites, thereby opening a possibility to avoid poisoning.
Heterolytic hydrogen activation and ionic hydrogenation routes
are well established in solution chemistry, e.g. Noyori’s mechanism
[68], but they remain largely unexplored on solid catalysts,
although such reaction pathways have been suggested to occur
on metal sulfides [69] or ceria-supported gold catalysts [70], with
surface sulfur or oxygen sites acting as the proton acceptors,
respectively.

Our working hypothesis is that a surface nanostructure com-
posed of small metallic particles immobilized on a support that
is rich on basic sites can promote heterolytic hydrogen splitting
and ionic hydrogenation mechanisms through a metal-support
bifunctional effect. Hydrogenase enzymes operate through similar
bifunctional pathways with heterolytic H, activation taking place
at a metal site in tandem with a basic sulfur atom from a neighbor-
ing cysteine moiety, to produce two protons and two electrons
[71]. In line with our hypothesis, we have shown that a material
composed of RuNPs supported on a poly(4-vinylpyridine) resin
(Ru/PVPy) is a versatile catalyst for the hydrogenation of mono-
and poly-nuclear arenes and N-heteroaromatic compounds. De-
tailed mechanistic studies led us to propose a dual-site, sub-
strate-dependent hydrogenation cycle involving ionic pathways
for N-heterocyclic substrates [72]. Alkaline earth metal oxides bear
abundant highly basic surface oxygen sites, and therefore, they
should be superior to PVPy as NP supports. Magnesium oxide in
particular has been employed as a basic catalyst for a variety of or-
ganic reactions [73,74]; heterolytic H, dissociation into H" and H™
was claimed to occur over Mg?*-02~ pairs on the MgO surface dur-
ing hydrogenation and amination of conjugated dienes [75]. We
reasoned that depositing noble metal NPs on MgO surfaces would
enhance the activity and expand the scope of hydrogenation reac-
tions, since noble metals are good hydride carriers and their com-
bination with surface O atoms can create the metal-base
bifunctional sites envisaged in our design for heterolytic H; activa-
tion and ionic hydrogenation pathways.

Here, we report a new catalyst composed of RuNPs on MgO (Ru/
MgO), which promotes the liquid-phase hydrogenation of mono-
and poly-nuclear aromatic hydrocarbons, N-heteroaromatics, and
S-heteroaromatics. This Ru/MgO material displays enhanced

efficacy and substrate versatility in relation to the Ru/PVPy [72]
and Pd/MgO [76] systems described by us before. Specifically,
Ru/MgO is highly active for hydrogenation of mono-and poly-nu-
clear aromatic hydrocarbons and N-heteroaromatics under mild
conditions; it can also hydrogenate S-heteroaromatics at higher
temperatures. Mechanistic studies suggest the existence of two
different types of active sites on Ru/MgO, associated with a dual
mechanism. Other magnesia-supported ruthenium catalysts have
been reported for NO reduction [77,78], transfer hydrogenation
of carbonyl compounds [79], and ammonia synthesis [80-83],
but to our knowledge, no examples are available for hydrogenation
of aromatic compounds.

2. Results and discussion
2.1. Synthesis of Ru/MgO catalysts

The Ru/MgO catalysts were prepared by NaBH, reduction of
RuCl3-3H,0 in methanol under nitrogen at room temperature in
the presence of suspended MgO, previously calcined at 500 °C in
the air for 2 h. The formation of RuNPs and their attachment to
the support can be visualized by the rapid discoloration of the solu-
tion and the darkening of the solid; the absence of any bands in the
UV-vis spectrum of the final solution, other than those ascribed to
the solvent, indicates that reduction of the metal salt to metallic Ru
was complete. The lack of hydrogenation activity of the filtrate, to-
gether with EDX analysis of the solid described below, confirms
that no suspended nanoparticles remain in the liquid phase and
that all the metal is attached to the support. The catalysts were
routinely stored under nitrogen but weighed quickly in the air
prior to use. Three materials with a nominal Ru content of 1 wt%,
5 wt%, and 10 wt% were prepared using commercial MgO powder.
An analogous catalyst with a nominal 5wt% Ru loading was
synthesized through the same procedure but using a MgO powder
(denoted as MgO™*) prepared by the sol-gel method with MgCl,
(ag.) and NaOH (aq.) and calcination of the resulting Mg(OH), at
500 °C in the air for 2 h.

2.2. Structure, texture, and composition of Ru/MgO catalysts

The Ru/MgO catalysts appear as fine gray to black powders
depending on the metal loading. Transmission electron microscopy
(TEM) images of the catalysts reveal the presence of highly dis-
persed RuNPs on the MgO support with mean diameters of 1.5,
1.8, and 2.1 nm for the 1 wt%, 5 wt%, and 10 wt% catalysts, respec-
tively (see Figs. 1 and S1). Fig. 1a shows an image of a freshly pre-
pared 5 wt% catalyst, and Fig. S1 contains images for fresh 1 wt%
and 10 wt% catalysts. The average particle size is practically inde-
pendent of the metal loading, with the majority of particles falling
within the narrow range 1-3 nm, as can be appreciated in the size
distribution histograms.

The average particle size and size distribution of 5 wt% Ru/MgO
remain essentially unchanged after a quinoline hydrogenation run
performed at 150 °C and 50 atm for 2 h (Fig. 1b), indicating that no
sintering or other aggregation processes take place under typical
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Fig. 1. Transmission electron micrographs of samples of (a) a freshly prepared and (b) a used 5 wt% Ru/MgO catalyst with RuNPs size distribution histograms and normal

distribution curves.

hydrogenation conditions. To identify the crystalline structure of
RuNPs on MgO surface, a TEM image at high magnification
(500,000 ) was obtained for a 10 wt% catalyst sample (Fig. S2).
Lattice fringes were observed on a particle with a spacing of
2.3 A (1.17 nm for 5 consecutive fringes), which corresponds to
the {1010} plane of hexagonal close-packed Ru [84]. The area
along the perimeter of the crystalline nanoparticles is likely to be
rich in the Ru-0 bifunctional units required by our model for het-
erolytic hydrogen activation and ionic hydrogenation pathways.

The powder X-ray diffraction (XRD) pattern of the same 10 wt%
catalyst (Fig. S2) was indistinguishable from that of the MgO sup-
port; no diffraction attributable to a Ru phase was evident, with all
three peaks at 20 =37.0°, 43.0°, and 62.4° assigned to MgO [85].
This indicates that the Ru phase in the Ru/MgO catalyst is nano-
crystalline, without ordered structure over significant distances;
RuNPs are thus highly dispersed and too small to be detectable
by XRD, in agreement with the TEM results.

The elemental composition of Ru/MgO catalysts was analyzed
by energy-dispersive X-ray spectroscopy (EDX) in a scanning elec-
tron micrograph (SEM). Fig. S3 contains the EDX spectra and corre-
sponding elemental composition for all three carbon coated
catalyst samples. The Ru content in the Ru/MgO catalysts is
10.1%, 5.1%, and 1.3%, for the nominal 10 wt%, 5 wt%, and 1 wt%
catalysts, respectively, confirming the complete deposition of Ru
onto MgO during catalyst syntheses.

In order to further investigate the nature of RuNPs on the cata-
lyst surfaces, X-ray photoelectron spectroscopy (XPS) analysis was
performed. Fig. S4 shows the full XPS spectra of fresh samples of
different catalysts as well as of pure magnesia. While the presence
of the C 1s peak is inevitable as carbonaceous species generally
accumulate in the spectrometer chamber, the spectra show no
detectable Cl (200 eV) or B (190 eV) species on the surface, con-
firming that the catalyst is free of contaminants from the prepara-
tion process. This represents an important advantage in terms of
surface cleanliness in comparison with other preparation methods
using RuCl; as precursor e.g. impregnation [86-88] and ion ex-
change [87], which usually lead to catalyst surfaces contaminated
with chloride ions. The narrow scan for a 5 wt% Ru/MgO catalyst in
the Ru 3d and 3p regions shown in Fig. 2a clearly indicates the

presence of metallic ruthenium on the MgO surface by the signals
at 280.2, 460.8, and 483.2 eV, which correspond to Ru 3ds),, 3p3,2
and 3py; spin-orbit components in the zerovalent state, respec-
tively [89]; there is no evidence for the presence of other Ru spe-
cies. Similar results were obtained for the 1 wt% and 10 wt% Ru/
MgO catalysts. Interestingly, the spectrum of the 5 wt% Ru/MgO*
(support prepared by us) displays a negative shift in the Ru 3d
and 3p core level binding energies (Fig. 2b), as compared to the
5 wt% Ru/MgO (commercial support), suggesting a stronger me-
tal-support interaction in the Ru/MgO* catalyst. This observation
will be further discussed in the mechanistic section.

The specific surface areas of the magnesia support and of
metallic Ru in the catalysts were determined by gas physisorption
and chemisorption measurements, respectively, and the corre-
sponding data are collected in Table 1. Commercial MgO has a
specific (BET) surface area of 88 m?g~! after calcination at
500 °C for 2 h, while the synthesized MgO* powder has a much
larger surface area of 150 m? g~!. The metallic surface area was
determined by H, pulse chemisorption, and a typical profile is dis-
played in Fig. S5. The full coverage of exposed Ru surface by
chemisorbed hydrogen atoms is indicated by the saturation of
the hydrogen peak. Using a H/Rus =1 stoichiometry [88], the Ru
surface area can be calculated, from which the Ru dispersion
and effective size of Ru crystallite can be derived. The 5 wt% and
10 wt%¥ Ru/MgO catalysts share similar high metal dispersion
(28% and 25%) and therefore very similar average size, as verified
by TEM results. The 1 wt% catalyst, however, has a very low Ru
dispersion (4%), probably because at such a low metal loading
the majority of RuNPs penetrate into pore structures of MgO, leav-
ing only a limited amount of Ru exposed on the catalyst surface.
The effective crystalline sizes derived from H, chemisorption data
are larger than those determined by TEM (see Table 1). These dif-
ferences arise from the assumptions used in the calculation of
particle size from chemisorption results, that the particles are
spherical, and all metal surfaces are accessible, which is not true
in practice. The shape of particles is not perfectly spherical, and
importantly, the entire RuNP surfaces are not available as some
particles are likely to be partially embedded on the surface while
some reside in pore structures of magnesia.
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Fig. 2. XPS spectra (Al Ko radiation) of (a) 5 wt% Ru/MgO and (b) 5 wt% Ru/MgO" catalysts in the Ru 3d and 3p regions.

Table 1
Physical properties of magnesia supports and catalysts.

Material Ru loading® BET surface area (m?/g)” Dp¢ dyz (nm)? drem (nm)
MgO - 8842 - - -

MgO* - 150+ 20 - - -

1 wt% Ru/MgO 1.3% - 4+1% 35 15+£0.5
5 wt% Ru/MgO 5.1% - 28 +3% 4.7 1.8+0.5

5 wt% Ru/MgO* 5.0% - 22 +2% 6.0 1.8+04
10 wt% Ru/MgO 10.1% - 25+1% 53 2.1+06

¢ Determined by EDX.

b Single-point BET value.

¢ Metal dispersion, determined by H, pulse chemisorption.

d Effective particle size calculated from H, chemisorption results by dy, =
per g of Ru).

The basicity features of the MgO surfaces were evaluated by
temperature-programmed desorption (TPD) using CO, as the probe
molecule. The TPD profiles of the two magnesia supports and the
corresponding 5 wt% catalysts display three CO, desorption peaks
at approximately 100 °C, 180 °C, and 280 °C (Fig. S6), indicating
the existence of a variety of basic sites of different strength on
the surface of magnesia, which have been associated with 0%~ sites
with different coordination numbers [75]. The freshly prepared
MgO* displays a larger number of basic sites of each type in com-
parison with commercial MgO, as evidenced by the larger area un-
der the corresponding curves. Deposition of RuUNPs on the support
necessarily diminishes the number of basic sites in both catalysts,
as a proportion of them are likely to be occupied by metal particles
stabilized through metal-oxygen interactions.

2.3. General considerations on catalytic hydrogenation

The catalytic activity of our Ru/MgO catalysts for the
liquid-phase hydrogenation of a variety of aromatic compounds

F

PRu-S

(F: crystallite geometry factor, 6 for hemisphere; S: active Ru surface area

representative of components of petroleum-derived fuels was
tested in a batch reactor, monitoring the course of the reaction by
periodically withdrawing samples and analyzing them by GC-MS.
A composition profile as a function of time was generated for each
aromatic substrate during hydrogenation, as exemplified in Fig. 3
for toluene (Tol) and quinoline (Q). Turnover frequency (TOF) values
were obtained from the slopes of turnover number vs. time plots
[90] and corrected for metal dispersion. Thus in this paper, unless
otherwise specified, TOF is defined as the number of moles of sub-
strate converted per mole of exposed surface Ru atoms per h.

The following control experiments were performed in order to
establish the reliability of the hydrogenation data: (i) All hydroge-
nation runs were repeated at least twice to ensure reproducibility
of the results; average TOF values are reported. (ii) Each batch of
catalysts prepared was tested in a toluene hydrogenation run un-
der a standard set of conditions (120 °C, 10 atm H,) prior to use
in other reactions; a high reproducibility of the results was
observed (<5% variation), indicating that the preparation method
employed provides homogeneity between different batches. (iii)
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Fig. 3. Hydrogenation profiles for: (a) Toluene (1 mL; 100 mg 5 wt% Ru/MgO; in THF; 120 °C, 10 atm. Tol, toluene; MeCy, methylcyclohexane) and (b) Quinoline (1 mL;
100 mg 5 wt% Ru/MgO; in THF; 150 °C, 50 atm. Q = quinoline, N-THQ, 1,2,3,4-tetrahydroquinoline; C-THQ, 5,6,7,8-tetrahydroquinoline; DHQ, decahydroquinoline).

The reaction rates measured in a series of catalytic runs performed
at different stirring speeds showed very little variation (<5%), indi-
cating that mass transfer is not a rate-limiting factor. (iv) Blank
tests employing MgO alone or in combination with NaBH, under
reaction conditions analogous to those employed in the presence
of the catalyst revealed no toluene or quinoline hydrogenation
activity, thus excluding hydrogenation by any agents other than
Ru/MgO. (v) After a neat toluene hydrogenation run under our
standard conditions, the catalyst was separated from the liquid
and the supernatant solution (>99% methylcyclohexane by GC-
MS) was then tested for hydrogenation activity using m-xylene
as the substrate. No hydrogenation products were detected by
GC-MS after 1 h or 24 h reaction under constant hydrogen pres-
sure, indicating that no metal leaching takes place under our
experimental conditions.

2.4. Effect of metal loading and pressure

The effect of Ru loading and of hydrogen pressure on initial
hydrogenation rates was studied using toluene (120 °C) and quin-
oline (150 °C) as model substrates in THF as solvent (see Fig. 4).

As expected, increased hydrogenation rates were observed for
higher Ru loading for both Tol and Q, although the rate enhance-
ment is not linear for Q (Fig. 4a); this difference in behavior can
be related to the dual-site mechanism discussed in Section 2.7 be-
low. Our data are consistent with a model involving two different
types of active sites (A and B) for hydrogenation of toluene and
quinoline; the different rate dependence on the metal loading for
the two substrates indicates that the two distinct active sites oper-
ate through different kinetic regimes. With the data at hand, we
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cannot provide a more detailed interpretation of this effect and a
full kinetic analysis of these two reactions, which might further
clarify the point, is outside the scope of this paper. From a practical
point of view, the 5 wt% Ru/MgO catalyst seems the most adequate,
and therefore, that metal loading was employed for most of the
hydrogenation reactions discussed below.

Hydrogenation rates were found to steadily increase with
increasing pressure for both toluene (10-30atm) and quinoline
(20-50 atm) (Fig. 4b), indicating that the Ru/MgO catalysts are sta-
ble against sintering or other metal aggregation processes at least
up to 50 atm Hj, most likely due to strong interactions between the
RuNPs and the surface oxygen sites. This agrees with the results of
TEM measurements of the used Ru/MgO catalyst, as discussed in
the previous section.

2.5. Substrate scope of hydrogenation reactions

In order to ascertain the scope of activity of the Ru/MgO cata-
lyst, the hydrogenation of a series of aromatic hydrocarbons, as
well as of N- and S-heteroaromatic compounds representative of
components of petroleum-derived fuels, was carried out in liquid
phase in a batch reactor.

2.5.1. Aromatic hydrocarbons

The data contained in Table 2 show that the Ru/MgO catalyst is
highly active for hydrogenation of monocyclic and poly-cyclic
aromatic hydrocarbons (MAHs and PAHs) under moderate temper-
ature and pressure. The hydrogenation activity for MAHs decreases
with increasing steric congestion on the arene rings, with the high-
est rate being observed for benzene and the lowest for mesitylene

4
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<
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[]
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Fig. 4. Effect of (a) metal loading and (b) H; pressure on the rates of hydrogenation of toluene and quinoline (5 wt% Ru/MgO: 100 mg; substrates: 50 mmol; 120 °C for Tol and

150 °C for Q).
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Table 2
Hydrogenation of MAHs and PAHs over 5 wt% Ru/MgO.

Entry Substrate Rate (molL"'h™ ') ti2 (h) TOF (h™ ') Product distribution at t;,

1¢ @ 1.03 1.0 2300 <:> 100%

2 @ 0.47 1.5 1000 <:>7 100%

3 0.27 29 590 100%

4 0.08 8.0 150 100%

5° 1.44 0.05 6600 ©© 80% CO 15%
0.90 =€ 4000

[=2]

75% O@Q 20%

2 Entries 1-4: liquid substrates, ~50 mmol; catalyst, 100 mg of 5 wt% Ru/MgO; n(sub):n(Ru) = 4000:1; 120 °C, 10 atm; in THF. In all tables, n(Ru) refers to moles of exposed

surface Ru.

b Entries 5-6: solid substrates, ~5 mmol; catalyst, 50 mg of 5 wt% Ru/MgO; n(sub):n(Ru) = 700:1; 150 °C, 50 atm; in THF; other minor products (<5%) are not listed.

€ No catalyst incubation; timing not started from the beginning of reaction.

(Table 2, entries 1-4). This is in agreement with previous finding
on RuNPs in ionic liquids [38]. Poly-cyclic aromatics are generally
more difficult to reduce and require increased temperature and
pressure compared to monocyclic arenes; our Ru/MgO catalyst
promotes the hydrogenation of naphthalene and anthracene with
high TOF values of 6600 h~! and 4000 h~! at 150 °C and 50 atm,
respectively (Table 2, entries 5 and 6).

Whereas monocyclic arenes were fully hydrogenated to the cor-
responding saturated hydrocarbons, naphthalene and anthracene
were converted predominantly to the partially hydrogenated
1,2,3,4-tetrahydro products, at least over the half-life of the
substrates.

This broad aromatic substrate scope of the Ru/MgO catalyst,
combined with a high activity for PAHs, is notable. Other supported
Ru catalysts have been shown to hydrogenate arenes, but most of
the published work is concerned with benzene and other monocy-
clic arenes [42-45,47-58,62-64], with only very few examples
available for PAHs [46,60,72].

2.5.2. N-heteroaromatic compounds

Nitrogen-containing compounds present in fuels are of great
concern not only because they contribute to NO, emissions but
also because they commonly act as catalyst poisons. We find that
our Ru/MgO catalyst is not only resistant to poisoning by a variety
of common N-heteroaromatic compounds, but can efficiently
hydrogenate them under moderate temperature and pressure, as
summarized in Table 3. Mono-, bi-, and tri-cyclic N-heteroaromat-
ics are hydrogenated with high TOF values ranging from 1000 h™!
for indole (Table 3, entry 2) to 6000 h~! for acridine (Table 3, entry
6); the pyridine-based series is hydrogenated more easily than the
pyrrole-based counterpart. Pyrrole and pyridine were exclusively
reduced to pyrrolidine and piperidine (Table 3, entries 1 and 4),
while poly-cyclic substrates yielded mixed products; quinoline
and indole were hydrogenated predominantly at the N-heterocy-
cle, with only a small fraction of the products resulting from hydro-
genation of the carbocyclic rings (Table 3, entries 2 and 5). Apart
from our Ru/PVPy catalyst [72], very few other supported Ru cata-
lysts are known for hydrogenation of N-aromatics and they display
much lower activity. Ru/Al,0; was found inactive for hydrogena-
tion of quinoline [91]; Ru on hydroxyapatite hydrogenates quino-
line and its methylated derivatives with uncorrected TOFs in the
range 50-150h~! at 150°C and 50 atm [59], while RuNPs on

polydimethylphosphazenes promote the hydrogenation of quino-
line and pyridine with uncorrected TOFs of about 200 h~! at
25 °C and 50 atm [60]; Ru/SiO, can reduce acridine and indole in
addition to quinoline with uncorrected TOFs from 50h~! to
200 h~! at 100 °C and 30 atm, to yield a mixture of products ob-
served [46].

For hydrogenation of carbazole and its derivatives, alumina-
supported Ru catalysts work under harsher conditions (130-
150°C, 70 atm) with uncorrected TOF values of about 400 h~!
and 800h~! for carbazole and 9-ethylcarbazole, respectively
[65]; other RuNPs supported on different inorganic solid supports
achieve uncorrected TOF values of about 3-5h~! under 130 °C
and 70 atm [66,67]. In contrast, the TOF values measured for our
Ru/MgO catalyst are in the range 1000-6000 h~! (uncorrected
values 300-1700 h™!) in the hydrogenation of mono-/poly-cyclic
N-heteroaromatics at 150 °C and 50 atm.

2.5.3. S-heteroaromatic compounds

Hydrogenation of S-heteroaromatics is the biggest challenge for
supported noble metal catalysts due to the strong poisoning effect
of the sulfur compounds. Indeed, there are very few examples in
the literature regarding hydrogenation of S-heteroaromatics by
use of noble metal NPs catalysts. RuNPs supported on silica failed
to catalyze the hydrogenation of benzothiophene (BT) or dibenzo-
thiophene (DBT) [46]; colloidal Rh suspensions stabilized by sur-
factants show no activity toward hydrogenation of thiophene (T)
or BT [92]; metal oxide-supported Rh nanoparticles and Ru, Rh,
Pt, Ir-based multimetallic nanoparticles achieved up to ~3% con-
version of BT to 2,3-dihydrobenzothiophene (DHBT) after 24 h
(uncorrected TOF ~0.1-0.2 h™!) [93]. Table 4 summarizes the re-
sults of hydrogenating S-heteroaromatics using our 10 wt% Ru/
MgO catalyst. At 200 °C under 50 atm H,, Ru/MgO hydrogenates
thiophene with an average TOF of 0.2 h™! (entry 1); BT is hydroge-
nated more rapidly (entry 2), with an average TOF of 1.0h™!
(uncorrected TOF 0.3 h™!). Using a larger BT to Ru ratio (entry 3),
BT was hydrogenated with an average TOF of 2.0 h~! (uncorrected
value 0.5 h™1), within the first 24 h, and complete conversion of BT
was achieved after 12 d. These data indicate that although the
hydrogenation rates for T and BT are much slower than those for
N-aromatics under the conditions employed, the catalyst is not
poisoned by BT. In addition to hydrogenation products, trace
amounts of desulfurization products were also observed for both
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Table 3
Hydrogenation of N-heteroaromatics over Ru/Mg0."

()]
2

"

N

Entry Substrate Rate (mol L 'h™") tij2 (h) TOF (h™1) Product distribution at t;»
1> ‘ | 1.60 0.7 3700 100%
N N
H H
2¢ 0.22 0.4 1000 90% 10%
|| | ||
N N N
H H H
3d O 0.44 0.2 2000 75% 20%
1) | |
N N N
H H H
4 = | 1.96 0.4 4400 O 100%
N N
H
5 @ 147 0.7 3400 @j 92% ® 7%
N N N
H
0.05 6000 28%
N
H

N 12% 12%
‘ ~
N N

5 wt% Ru/MgO; 150 °C, 50 atm; in THF.

a
" Entries 1 and 5: liquid substrates, ~50 mmol; catalyst, 100 mg; n(sub):n(Ru) = 4000:1.
c
d

Entries 2-4, 6: solid substrates, ~5 mmol; catalyst, 50 mg; n(sub):n(Ru) = 700:1.
Entries 3, 5 and 6: other minor products (<5%) are not listed.

Table 4
Hydrogenation of S-heteroaromatics over Ru/MgO.*
Entry Substrate Conv. (%)° TOF (h1)° Products
1 ‘ | 11 0.2
S S
2 61 1.0
| |
S S
3d 23 2.0

¢ 100 mg of 10wt% Ru/MgO, 200°C and 50 atm, n(sub):n(Ru)=40:1, in
undecane.

b Conversion after 24 h.

¢ Average TOF over 24 h.

4 Benzothiophene: 5.0 mmol, n(BT):n(Ru) = 210:1; conversion >95% at 12 d.

T (butenes/butane) and BT (ethylbenzene). Under similar reaction
conditions, the more challenging substrates DBT and 4,6-DMDBT
gave hydrogenation and desulfurization products only in GC-MS
detectable trace amounts.

2.6. Catalyst recyclability and lifetime

The recyclability and lifetime of Ru/MgO was evaluated in six
successive cycles of hydrogenation of neat toluene at 120 °C and
10 atm using the 10 wt% catalyst; the conversion was allowed to
reach 100% in each cycle. As shown in Fig. 5, the catalyst displayed
an enhancement of the activity after the first cycle, reaching a max-
imum around the fourth cycle. The total turnover number (TTO) for
hydrogenation of neat toluene over the 10 wt% Ru/MgO catalyst,
based on the six cycles of recycling experiments, is estimated to

TOF (10°h™)

Cycle

Fig. 5. Activity (TOF) of 10 wt% Ru/MgO during recycling experiments.

be 120,000 but clearly this is not the limit, since the catalytic activ-
ity showed no decrease after the sixth cycle measured. Thus the
Ru/MgO catalyst exhibits excellent recyclability and a long catalyst
lifetime.

In an attempt to understand the rate enhancement observed
during the first few cycles, additional measurements were under-
taken. TEM images of 10 wt% Ru/MgO (Fig. S8) show no significant
changes in average particle size or size distribution for a catalyst
that was used twice, or six times, as compared to the freshly pre-
pared catalyst. As noted in Section 2.3, the supernatant solution
after a catalytic run did not display any hydrogenation activity,
thus ruling out any metal leaching during the reaction. XPS data
(Fig. S8) do not reveal any changes in the surface composition of
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the catalyst, other than an increase in the C 1s peak, due to the
accumulation of carbonaceous species from the reaction on the
surface, which is normal for XPS spectra of used catalysts. These
data confirm that the metal on the surface is stable under our reac-
tion conditions.

One possible explanation for the activity enhancement ob-
served during the first few cycles could be metal migration from
the pores to the surface, which would result in an increase in the
active metal surface area. However, the metal dispersion measured
for the used catalyst was actually somewhat lower than that of the
fresh catalyst, presumably because the residual surface carbon
cannot be removed under the conditions of the hydrogen chemi-
sorption measurements. Another possibility that we favor to ex-
plain the activity enhancement is related to the generation of an
increasing number of active sites by prolonged contact with hydro-
gen and the substrate upon successive catalytic runs, until a max-
imum is achieved after about the third cycle.

2.7. Mechanistic implications

Our catalyst design aims at producing metal-base bifunctional
units composed of RuNPs intimately associated with basic sites
of the support to promote heterolytic activation of hydrogen and
ionic hydrogenation mechanisms, as a strategy to avoid catalyst
poisoning. We have previously presented evidence for such ionic
hydrogenation pathways taking place over a Ru/PVPy catalyst,
with the N atoms of the pyridine acting as the proton acceptors
[72]. When magnesia is used as support, the surface O atoms of
magnesia can function as strongly basic sites, as illustrated in
Fig. 6. The Ru atoms along the perimeter of the nanoparticles
(Fig. S2) must be in close proximity to surface oxygen atoms, there-
by generating appropriate sites for heterolytic splitting of hydro-
gen (site A, Fig. 6). On the other hand, the Ru atoms on the bulk
of the nanoparticles, away from surface O sites would behave as
conventional metallic sites for homolytic splitting of hydrogen (site
B, Fig. 6). Two different hydrogenation pathways may thus be oper-
ative in our hydrogenation reactions. A similar dual heterolytic/
homolytic H, splitting capability was proposed for the reaction of
unsupported RuS, with hydrogen, largely based on spectroscopic
observation of surface Ru-H and S-H species [69].

To test the hypothesis of dual-site, dual-pathway mechanisms
promoted by our Ru/MgO catalyst, substrate competition and thi-
ophene selective inhibition experiments were conducted. Fig. 7a
shows the results of hydrogenating an equimolar mixture of tolu-
ene and quinoline at 150 °C and 50 atm H,. We note that during
the early stage of reaction (first 15 min) quinoline was hydroge-
nated predominantly at the heterocyclic ring to yield 1,2,3,4-tetra-
hydroquinoline (N-THQ), and to a lesser extent at the carbocyclic
ring to produce 5,6,7,8-tetrahydroquinoline (C-THQ). Interestingly,
the initial rate of disappearance of quinoline in the mixture is iden-
tical to the one measured for quinoline alone (see comparison in

H H
]
HOg
oM o} | Mg——O-——Mg
Mg (0] g (0] Mg (0]
O Mg Mg (0] Mg
Mg (o} Mg (0] Mg (0]
O-—Mg (0] Mg Mg (®)] Mg

Mg O—Mg—0—Mg—0—Mg—0O—Mg—0 MgO (100) surface

Fig. 6. The proposed dual-site structure of Ru/MgO catalyst illustrated by a Ru
nanoparticle supported on the MgO surface.
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Fig. 7. (a) Substrate competition experiments: n(Q):n(Tol):n(Ru)=800:800:1; in
THF; 150 °C, 50 atm. (b) Selective thiophene inhibition experiment: n(Q):n(T)
:n(Ru) = 800:5:1; in THF; 150 °C, 50 atm. (c) Reaction profiles for hydrogenation of
Q alone, Q +Tol (1:1), and Q+ T (160:1).

Fig. 7c). However, hydrogenation of toluene in the mixture was
essentially suppressed until most of the quinoline and N-THQ
had been consumed, after which it proceeded at a significant rate.

When a quinoline hydrogenation run was carried out in the
presence of a small amount of thiophene (~1 mol%), reduction of
the carbocyclic ring was completely suppressed, whereas the N-
heterocyclic ring was hydrogenated to yield N-THQ as the only
product, albeit at a somewhat lower rate than the one observed
for pure quinoline (Fig. 7c). The hydrogenation of pure toluene,
in turn, was fully inhibited by the presence of thiophene. This im-
plies that sites on the catalyst surface that would otherwise be
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Scheme 2. Proposed dual-site mechanism for hydrogenation of Q and Tol on Ru/
MgO.

available to adsorb arene rings are blocked by strong adsorption of
thiophene, which is not transformed under these conditions
(150 °C and 50 atm), but can be slowly hydrogenated at higher
temperature (200 °C, Section 2.5.3).

All these observations point to a dual mechanism operating on
two distinct types of active sites (Scheme 2). The N-heterocyclic
and carbocyclic rings of quinoline are hydrogenated simulta-
neously, but with the latter at a lower rate; we postulate that the
heterocyclic ring reacts at type A sites through an ionic route (path
a) to produce N-THQ, while the carbocyclic ring is reduced on type
B sites through conventional homolytic H, activation (path b) to
form C-THQ. These parallel reactions block the access of toluene
to the preferred B sites for carbocycles (path b), thereby suppress-
ing its hydrogenation. Once most quinoline and N-THQ are con-
sumed, toluene can effectively compete for type B sites and be
hydrogenated. Thiophene binds preferentially to type B sites but
has little affinity for type A sites, thus suppressing the hydrogena-
tion of the carbocyclic ring of quinoline and of toluene, while hav-
ing little effect on the hydrogenation of the heterocyclic ring of
quinoline, ultimately yielding N-THQ as the only product.

To gain further insight into the hydrogenation mechanisms
operating on the Ru/MgO catalyst, the hydrogenation of toluene
and quinoline was also studied on the analogous Ru/MgO* catalyst.
The MgO* support has a larger surface area than commercial MgO
(Table 1) and a larger quantity of surface basic sites, as revealed by
CO,-TPD measurements (Fig. S6). The RuNPs deposited on MgO*
with a metal loading of 5 wt% has essentially the same average par-
ticle size and size distribution as the 5 wt% Ru/MgO (see TEM im-
age in Fig. S1c¢); the Ru content and dispersion of the 5 wt% Ru/MgO
and Ru/MgO™ are also similar (Table 1). However, the XPS spectrum
of the Ru/MgO* catalyst showed a negative shift (~—0.5 eV) of Ru
3d and 3p core level binding energies as compared to Ru/MgO
(Fig. 2b), implying a stronger metal-support interaction in the
5 wt% Ru/MgO~ catalyst. Toluene is hydrogenated at approximately
the same rates on both catalysts, while quinoline is hydrogenated
much faster on Ru/MgO* than on Ru/MgO (Table 5). These observa-
tions are consistent with the dual-site mechanism proposed. Tolu-
ene is hydrogenated at type B sites, which we believe to be located
on the bulk of the metallic nanoparticles, with little or no direct
contact with the support; thus a similar activity is to be expected

Table 5

for the two catalysts. On the other hand, the heterocyclic ring of
quinoline is hydrogenated at type A sites, where we postulate het-
erolytic H, activation and ionic hydrogenation take place; a stron-
ger Ru-0 interaction in Ru/MgO* catalyst could be related to a
higher number and efficacy of type A sites, leading to more effi-
cient hydrogenation of quinoline, as shown by the data in Table 5.

3. Conclusion

We have prepared a series of catalysts composed of varying
amounts of RuNPs supported on basic magnesium oxide and char-
acterized them by a combination of TEM, EDX, PXRD, XPS, N, phys-
isorption, H, pulse chemisorption and CO,-TPD experiments. The
RuNPs are well dispersed and stabilized on the support (mean size
~2 nm) and exist as crystalline particles in the zerovalent state.
These materials proved to be versatile for the liquid-phase hydro-
genation of a variety of mono- and poly-cyclic aromatic hydrocar-
bons, N-heteroaromatics, and S-heteroaromatics representative of
components of petroleum-derived fuels, under moderate reaction
conditions. They can be reused for several cycles without any
appreciable loss of catalytic activity, reaching a TTO of at least
120,000 in the case of toluene. Through a combination of substrate
competition and selective thiophene inhibition experiments, to-
gether with the observed effect of the magnesia support employed,
we propose a catalytic mechanism involving heterolytic Hy split-
ting and ionic hydrogenation pathways on the Ru/MgO surface
for N-heterocycles, in addition to conventional homolytic H,
activation and hydrogen transfer for carbocycles, and possibly
S-aromatics. Such dual-site, substrate-dependent, dual-pathway
mechanisms have interesting implications for future designs of
new efficient and poison-resistant noble metal catalyst systems.

4. Experimental section
4.1. Materials

RuCl5-3H,0 (Pressure Chemicals, Inc.) was used as received. Sol-
vents (analytical grade, Sigma-Aldrich) were purified using a Pure-
Solv purification unit from Innovative Technology, Inc. Substrates
and other reagents (Sigma-Aldrich) were purified by distillation
or recrystallization prior to use, as necessary. Naphthalene
(=99%, Sigma-Aldrich) was treated with AICl; to remove trace
amounts of benzothiophene before use. MgO (>99%, ~325 mesh,
Sigma-Aldrich) was calcined in air at 500 °C for 2 h and then stored
in a desiccator for subsequent use.

4.2. Synthesis of Ru/MgO

The synthesis was performed in a three-neck round bottom
flask fitted with two pressure-equalizing dropping funnels and a
vacuum adapter. Using Schlenk techniques, the sealed apparatus
was evacuated and purged with nitrogen three times. Under a
nitrogen flow, MgO (1.0 g) was suspended in methanol (20 mL).

Hydrogenation of toluene and quinoline over 5 wt% Ru/MgO and Ru/MgO*.?

Substrate Catalyst Rate (mol L' h™!) TOF (h™1)
5 wt% Ru/MgO 0.47 1100
5 wt% Ru/MgO* 0.50 1500
N 5 wt% Ru/MgO 15 3400
B 5 wt% Ru/Mg0* 26 7500
N

@ Catalyst: 100 mg; substrate: 50 mmol; n(sub):n(Ru) = 4000:1; solvent: THF; 120 °C, 10 atm (Tol), 150 °C, 50 atm (Q).
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The desired amount of RuCls-3H,0 (0.13 g; 0.5 mmol of Ru for
5 wt% Ru/MgO) in methanol (10 mL), and NaBH,4 (0.38 g, 10 mmol)
in methanol (20 mL), were placed in the two dropping funnels,
respectively. While the MgO suspension was being stirred at room
temperature, 10 mL of the NaBH, solution was added to the flask,
after which both RuCl; and NaBH, solutions were simultaneously
added into the mixture at the same rate of about one drop per
second. After addition was complete, the dropping funnels were re-
moved and the mixture was stirred under N, at room temperature
overnight. At the end, the solution was colorless and the solid was
gray or dark. The solid was filtered off, washed with methanol
(10 mL) six or more times until no CI~ could be detected in the fil-
trate by use of AgNOs aqueous solution. The catalyst was dried un-
der vacuum at room temperature, affording a fine gray to black
powder, depending on the metal loading.

4.3. Catalyst characterization

4.3.1. TEM studies

Transmission electron micrographs were obtained on a JEOL
JEM-2010 microscope operating at an accelerating voltage of
200 kV with a point-to-point resolution of 0.19 nm and magnifica-
tion up to 1,500,000x. Images were captured digitally using an
AMT Advantage CCD camera system (HRB Bottom Mount DVC
Camera, 1 Megapixel) controlled by the AMT Image Capture Engine
Software (Version 600.163) at varied high magnifications. The lin-
ear measurements on images had been calibrated previously at dif-
ferent high magnifications using known lattice spacing of
crocidolite crystals standard (d = 0.906 nm) and graphited carbon
crystals standard (d = 0.34 nm). TEM samples were prepared by
placing a drop of catalyst suspension in THF on a holey carbon film
coated copper grid and allowing evaporation of the solvent in the
air. The particle size (Feret diameter) distribution histogram was
constructed from the measurement of about 300 particles found
in representative images. The normal size distribution curve was
also obtained based on the mean value and the standard deviation
of the particle size.

4.3.2. Powder XRD measurements

Powder X-ray diffraction patterns were recorded on a Philips
X'PERT MPD diffractometer using monochromatic Cu Ko radiation
(4=1.5406 A) at 45 kV and 40 mA. Sample powder was placed in
the holder with a flat surface and analyzed in air at room temper-
ature. Spectra data were collected at a scanning rate of 0.10°/s in a
step size of 0.050° for 20 over the range from 10° to 75° using the
X'Pert Data Collector software (V. 2.2f). Phase identification was
achieved by comparing the diffraction patterns of sample with that
of ICDD (JCPDS) standards within the X’Pert HighScore software (V.
2.2¢).

4.3.3. EDX analysis

The elemental composition of catalyst was assessed by energy-
dispersive X-ray spectroscopy using a Zeiss Supra 55VP field emis-
sion scanning electron microscope equipped with an EDX detector.
The samples were dispersed onto carbon tape and sputter coated
with carbon before analysis. The spectra were acquired using the
EDAX Genesis software, with an operating voltage at 15 kV and a
working distance of 8.5 nm.

4.3.4. XPS analysis

X-ray photoelectron spectroscopy analysis was performed with
an Omicron XPS spectrometer equipped with an EA125 multichan-
nel hemispherical energy analyzer and a dual Al/Mg X-ray source
using the monochromatic Al Ko radiation (1486.6 eV). The binding
energy scale was previously calibrated and the base pressure in the
ultra-high-vacuum analysis chamber was around 2.0 x 10~° torr.

The powdered samples were mounted on studs in air using a dou-
ble-sided adhesive tape. Spectra recording was controlled by the
EIS software (V. 2.2.4), using a scan step of —0.5 eV for survey scans
and —-0.1 eV for narrow scans. The binding energy scale was cor-
rected for charging effect according to the position of Mg 2s photo-
electron line (88.1 eV) [82,94]. The asymmetrical XPS peaks were
deconvoluted by the curve fitting approach by use of XPSPEAK
4.1, applying Shirley background subtraction and Lorentzian-
Gaussian functions (20% L, 80% G).

4.3.5. N, Physisorption, H, pulse chemisorption and CO,-TPD
measurements

The BET surface area of support, the Ru surface area and CO,
temperature-programmed desorption measurements were all con-
ducted in a dual station Micromeritics Chemisorb 2750 analyzer
fitted with a ChemiSoft TPx System. See Supporting Information
for detailed experimental procedures.

4.4. Catalytic tests

Hydrogenation experiments were carried out using a 5513 Parr
reactor (100 mL) fitted with an internal stirrer and a dip tube, a
thermocouple, a sampling valve and a high-pressure buret, coupled
to a 4836 controller. Reactions were performed in a glass liner
placed inside the vessel of the reactor. In a typical hydrogenation
run at 120 °C and 10 atm, the reactor was loaded with the desired
amount of catalyst and 20 mL of THF and then sealed. Hydrogen
was introduced into the reactor through the high-pressure buret
and released through the releasing valve; this was repeated three
times in order to deoxygenate the system, after which the reactor
was re-pressurized to 6atm and heated to 120°C to reach
~10 atm. After the catalyst was incubated at 120 °C and 10 atm
for 1h, 10 mL of substrate solution in THF was placed into the
high-pressure buret, which was subsequently charged with
10 atm of H,. The reactor was depressurized to about 2-3 atm
and the substrate solution in the buret was then quickly injected
into the reactor; this was taken as the zero time of the reaction.
The pressure was kept constant at 10 atm by feeding H, through
an open connection to the hydrogen tank. Samples of the reaction
mixtures were periodically withdrawn from the reactor and ana-
lyzed immediately by use of a Varian 3900 gas chromatograph fit-
ted with a polar Supelco SP-2330 capillary column and a Saturn
2100T mass detector. The identity of each product was verified
through comparison of its mass spectrum with the instrument’s li-
brary and the molar percentage of each product was calculated
based on peak areas and relative response factors previously deter-
mined by using standard solutions containing known amounts of
each component. When necessary, samples were analyzed in a Shi-
madzu 2010 gas chromatographer fitted with a Restek Rtx-5 or
Supelco SE-30 capillary column and an FID detector. Anthracene
and sulfur compounds were added into the reactor together with
catalyst from the beginning without catalyst incubation. Each
experiment was repeated at least twice in order to ensure repro-
ducibility; the variations in the calculated TOF values for repeat
experiments were typically within 5%.

4.5. Recycling experiments and catalyst life time determination

About 100 mg of 10 wt% catalyst and 50 mL of neat toluene
were placed in a glass liner inside the vessel of the reactor. The sys-
tem was deoxygenated by flushing with H, three times. The reac-
tor was first kept under 1 atm H, and then heated to 120 °C; after
the temperature became stable, the reactor was pressurized to
10 atm, and this was taken as the zero time for the reaction. The
pressure was kept constant during the whole reaction course.
Samples were periodically withdrawn and the composition was
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analyzed by GC-MS. The hydrogenation was left to run until 100%
conversion was achieved. After the reactor was cooled down and
the catalyst settled down to the bottom, methylcyclohexane
(>99%) was simply withdrawn using a syringe fitted with a filter
paper on the needle tip. Care was taken to minimize the loss of cat-
alyst. The glass liner with the catalyst and some remaining meth-
ylcyclohexane was then placed into a large flask connected to a
Schlenk line and the catalyst was dried under vacuum before being
reused. This procedure was repeated six times.

4.6. Ruthenium leaching test

After the first cycle of hydrogenation of neat toluene during
recycling experiments (Section 4.5), the reactor was cooled down
and the catalyst was allowed to settled down to the bottom of
the glass liner, after which the hydrogenated product methylcyclo-
hexane (>99%) was carefully decanted and centrifuged. The super-
natant liquid was then brought into a clean glass liner and 10 mL of
fresh m-xylene was added; the liner was placed into the reactor
and the conditions were adjusted to 120 °C and 10 atm H, in the
same way as described in Section 4.5. No hydrogenation product
of m-xylene was detected after 1 h or 24 h reaction through GC-
MS analysis.

4.7. Substrate competition and selective thiophene inhibition
experiments

The procedures for substrate competition and selective thio-
phene inhibition experiments are analogous to those described in
the “Catalytic tests” section, except that the two substrates (tolu-
ene and quinoline in equimolar amounts), or substrate (toluene
or quinoline) mixed with ~1mol% thiophene were used,
respectively.
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