
P
1

A
W

a

A
R
R
A
A

K
R
R
1

1

o
[
h
l
c
t
b
b
l
e
o
R
t
n
p
a
R
[
s
o
a
t
s
h

0
d

Catalysis Today 176 (2011) 258– 262

Contents lists available at ScienceDirect

Catalysis Today

j ourna l ho me p ag e: www.elsev ier .com/ lo cate /ca t tod

roperties  and  activities  of  ZSM-5  +  Al2O3 supported  RuNi  catalysts  in
-methylnaphthalene  hydrogenation:  Effect  of  Ru  precursors
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RuNi  (8  wt.%  NiO;  1.1  wt.%  RuO2)  catalysts  on  ZSM-5  +  Al2O3 were  tested  in  the  hydrogenation  of
1-methylnaphthalene,  and  the  effect  of  the  Ru precursor  on  their  physicochemical  and  catalytic
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properties  was  examined.  The  catalysts  were  analyzed  by  XRF,  N2-sorption,  TPR,  H2-chemisorption,
TPD-NH3,  XRD,  XPS,  TOF-SIMS,  SEM  and  TEM.  The  order  of their  activity  and  stability:  [Ru(NH3)6]Cl3 ∼
(NH4)2[RuCl6]  <  Ru(C5H7O2)3 <  Ru3(CO)12 correlates  with  the  reducibility,  metal  dispersion,  and  atomic
ratio  of  Ni/Al  +  Si  on the  catalyst  surface.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

The use of components from destruction processes for diesel
il production leads to an increase in aromatic content (e.g.  FCC
1]), as well as to the deterioration of cold flow properties (e.g.
ydrocracking [2]). High aromatic content affects fuel quality (by

owering the cetane number and combustion characteristics) and
ontributes notably to the formation of toxic emissions (NOx, par-
iculate matter). If the standard demands placed on diesel oil are to
e met, the use of dewaxing and aromatic hydrogenation processes
ecomes necessary. Our recent study shows that dewaxing cata-

ysts (NiO (8 wt.%)/ZSM-5 + Al2O3) with hydrogenating functions
nhanced by Ru incorporation (0.9 wt.% RuO2) enable simultane-
us conversion of n-alkanes and arenes [3],  and that the effect of
u (1.1 wt.% RuO2) depends on the Ni incorporation and calcina-
ion procedures used [4].  Many researchers have reported that the
ature of the Ru precursor largely influences the physicochemical
roperties and activities of the catalysts [5–9]. Most consider-
tion has been given to the contribution of such precursors as
uNO(NO3)3 [5,6,8],  RuCl3 [6–8], [Ru(NH3)6]Cl3 [7,9], Ru(C5H7O2)3
5–7] and Ru3(CO)12 [5,6]. The results that have been published
o far pertain primarily to monometallic 0.5–5 wt.% Ru catalysts
n supports containing alumina [6],  silica, mesoporous materi-

ls [9],  carbon [8] or zeolites (Y, � [7],  KL [5]). The activities of
hose catalysts were tested in the reactions of hydrogenolysis [6,7],
elective hydrogenation [5] or NH3 synthesis [8].  The problem of
ow the nature of the Ru precursors affects the hydrogenating
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activity of dewaxing catalysts has been left without due consid-
eration in the literature. Therefore, it seemed advisable to examine
the effect of Ru precursors on the physicochemical properties of
RuNi/ZSM-5 + Al2O3 catalysts (1.1 wt.% RuO2, 8 wt.% NiO) and their
hydrogenating function, which is expressed in terms of their activ-
ity in 1-methylnaphthalene (1-MN) hydrogenation.

2. Experimental

2.1. Catalyst preparation

RuNi (8 wt.% NiO; 1.1 wt.% RuO2) catalysts were obtained by the
impregnation of the Ni catalyst with ruthenium(III) acetylacetonate
(RuNi/A), triruthenium dodecacarbonyl (RuNi/B), hexaamineruthe-
nium(III) chloride (RuNi/C) or ammonium hexachlororuthenate
(RuNi/D). After the drying stage (50 ◦C, 0.04 MPa, 3 h), the precur-
sors were decomposed in H2 flow (500 ◦C, 0.1 MPa, 3 h). To prevent
Ru particle agglomeration, which occurs at about 150 ◦C in air [10],
the catalysts were also cooled in H2 flow. The Ni/ZSM-5 + Al2O3(1:1)
catalyst was prepared by mixing Ni,H-ZSM-5 zeolite (SiO2/Al2O3
molar ratio of 35:1) and aluminium hydroxide powders. Ni precur-
sor (Ni(NO3)2) was incorporated in a two-step procedure: one half
(4 wt.% of NiO) during the support formation (F), and the other half
by impregnation (I). After stages F and I, the catalyst was  dried and
calcined in air (400 ◦C, 2 h).
2.2. Catalyst characterization

Porous structure and acidity. N2 adsorption was measured at
77 K (Quantachrome, AUTOSORB-1). Acidity was determined by the
NH3-TPD method [4].

dx.doi.org/10.1016/j.cattod.2010.12.018
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Table 1
Effect of Ru precursor on physicochemical properties.

Catalyst code Ru precursor NiOa (wt.%) RuO2
a (wt.%) SBET (m2/g) Pore volume

(cm3/g)
APDb (nm) VH2

c (cm3/g) H2 uptaked (a.u.) aNH3
e (mmol/g)

VT VMIK

RuNi/A Ru(C5H7O2)3 8.0 1.09 253 0.32 0.041 5.6 1.72 866 0.89
RuNi/B Ru3(CO)12 8.1 1.08 260 0.33 0.042 5.4 2.17 1055 0.88
RuNi/C [Ru(NH3)6]Cl3 8.0 1.12 250 0.32 0.038 5.3 1.48 685 0.97
RuNi/D (NH4)2[RuCl6] 7.9 1.13 257 0.34 0.034 5.2 1.47 701 1.08

a By XRF.
b Average pore diameter (BHJ method).

l
g

(
(

F
i

c Volume of H2 adsorbed.
d Reducibility up to 500 ◦C (TPR).
e Acidity by NH3-TPD.

XRD examinations. XRD patterns were obtained using a PANa-

ytical X’Pert ProMPD diffractometer (Holland) with a PW3050/65
oniometer, at 40 kV and 30 mA  (CuK�).

Chemical analysis. Ni and Ru content was determined by XRF
Canberra Packard, 1510), and surface composition by TOF-SIMS
ION-TOF, TOF-SIMS IV) and XPS (SPECS, UHV/XPS PHOIBOS 100).

ig. 1. Effect of Ru precursor on RuNi catalyst surface morphology: (a) distribution of Si 

mages).
H2 chemisorption and TPR. The H2 volume adsorbed was mea-
◦
sured after reduction in H2 (500 C, 1 h) (Micromeritics, ASAP

2010C). TPR was carried out up to 850 ◦C (Polska, Peak-5) [4].
Surface morphology. SEM was performed using a JSM5800LV

microscope (JEOL) with ISIS300 system for microanalysis (Oxford).
HRTEM images and selected area electron diffraction (SAED)

and Ru (SEM micrographs) and (b) zeolite crystals (1) and alumina grains (2) (TEM
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atterns were obtained with a Philips CM-20 SuperTwin
icroscope.
Catalytic experiments. Catalyst activity was  tested in 1-

ethylnaphthalene (1-MN) hydrogenation in a fixed-bed reactor
t atmospheric pressure. The catalyst (100 mg)  was activated in H2
ow for 1 h up to 500 ◦C, the heating rate being 5◦/min. Products
ere analyzed on-line by gas chromatography [4].

. Results and discussion

The physicochemical properties of the catalysts are compiled
n Table 1. Regardless of the Ru precursor applied, the textures of
he RuNi catalysts were similar. None of the catalysts examined
isplayed XRD lines typical of Ni and Ru and their compounds (not
hown), which is attributable to the high dispersion or the poor
rystallinity of these species.

SEM observations have disclosed the uniformity of Ni distri-
ution across the surface of all catalysts (not shown), but Ru
istribution across RuNi/A and RuNi/B (Ru precursors soluble in
rganic solvents) is more uniform than across RuNi/C and RuNi/D
Ru precursors soluble in water) (Fig. 1a). With precursors solu-
le in water, Ru distribution on the catalyst surface prepared with
NH4)2[RuCl6] was more irregular as compared to [Ru(NH3)6]Cl3,
wing to the pH of the impregnating solutions (6 and 10, respec-
ively). At a pH of the solution lower than their PZC (point of zero
harge), solid surfaces adsorb anions, at a pH higher than their PZC,
hey adsorb cations [11]. Since the PZC of alumina and zeolite were
–9 and 4, respectively, [Ru(NH3)6]3+ cations adsorbed both on alu-
ina and zeolite, whereas [RuCl6]2− anions adsorbed preferentially

n alumina.
All HRTEM images disclose large zeolite crystals covered with

lumina grains (not shown). Characteristic images of zeolite crys-
als and alumina grains are visualized in Fig. 1b. Neither SAED
atterns nor HRTEM images of the zeolite crystal surface reveal
eflections or lattice fringes typical of Ni (2.03; 1.76; 1.24 and
.05 Å) or Ru (2.34; 2.14; 2.06; 1.58; 1.35 and 1.22 Å). No Ni or Ru
articles are present on the alumina grains of the catalysts prepared
ith Ru(C5H7O2)3 and Ru3(CO)12, which suggests high metal dis-
ersion. Relevant SAED patterns show only rings typical of �-Al2O3
2.37; 1.97 and 1.39 Å). Although most alumina grain images for
he catalysts prepared with Ru precursors soluble in water fail to
eveal metal particles, some alumina grains are densely covered
ith metal particles (Fig. 1b; 3–5 nm metal particles with 0.2 nm

attice fringes). Since the distances between Ni and Ru lattice planes
re similar (Ni (1 1 1)–2.03 Å, Ru (1 0 1)–2.06 Å), it is difficult to
dentify the metal type only by HRTEM.

It is difficult to compare our observations of the effect of Ru pre-
ursors on metal distribution and dispersion with the observations
ade by other authors. The catalysts chosen for their studies dif-

er noticeably in chemical composition, preparation method and
he nature of the Ru precursors. Álvarez-Rodríguez et al. [5] found
hat Ru particles on the Ru(2%)/KL catalyst were smaller with
u3(CO)12 (2.8 nm)  than Ru(C5H7O2)3 (7.3 nm). Maroto-Valiente
t al. reported similar results for Ru(1%)/Al2O3 catalysts [6].  Testing
u(5%) catalysts on � and Y, Preda et al. [7] found that the mean
ize of Ru particles on the catalyst prepared with [Ru(NH3)6Cl3] was
maller (23.1 nm on � and 36.1 nm on Y) compared to the one pre-
ared with Ru(C5H7O2)3 (63.7 nm on � and 74.3 nm on Y), which

s inconsistent with our findings.
All TPR profiles (Fig. 2) display high-temperature reduction
egions with a maximum at 780 ◦C (ascribed to the reduction in
i–Al oxide spinels due to the strong interactions between Ni oxide

pecies and alumina [12]); they also show strongly differentiated
eduction regions up to 220 ◦C, 220–450 ◦C and 450–600 ◦C. H2
ptake at 450–600 ◦C suggests a reduction in the amorphous over-
T ( oC)

Fig. 2. TPR profiles of catalysts: (a) RuNi/A, (b) RuNi/B, (c) RuNi/C, and (d) RuNi/D.

layer of NiO, which is not chemically bound but interacts with the
support more strongly than does NiO, which reduces below 450 ◦C.
Up to 220 ◦C the highest H2 uptake is observed over RuNi/D. The
presence of a separate signal implies that RuO2 tends to occur as a
separate phase, but interacts with the support or NiO (“pure” RuO2
undergoes reduction at 120–150 ◦C [12]). The presence of low-
temperature reduction regions on the RuNi/A and RuNi/C profiles
implies that a certain amount of Ru occurs in the form of bimetallic
NiRu oxide clusters. The RuNi/B profile shows no peak typical of
RuO2 reduction; apparently, only such clusters are present in this
catalyst (the strongest interaction being Ru–Ni).

The effect of the nature of the Ru precursor on the composition
of the RuNi catalyst surface was  measured by XPS and TOF-SIMS
(Table 2). XPS results (upon deconvolution of the Ni 2p3/2 region)
show that the highest reducibility (with Ni0 proportion of 24%)
was  that of RuNi/B. Most of the Ni–Al oxide spinels occurred on
RuNi/C and RuNi/D surfaces. The nature of Ru precursors notably
affects the concentration of Ni atoms on the catalyst surface. The
atomic Ni/Al + Si and Ni/Ru ratios for RuNi/B are the highest. TOF-
SIMS analyses show similar positive secondary ion mass spectra for
all catalysts; of the Ni and Ru containing ions, Ni+ (small amounts of
NiO+, NiOH+ and traces of NiOH2

+) and Ru+ (no signals from other
Ru containing ions) dominate on the catalyst surface. Negative sec-
ondary ion mass spectra display the presence of Cl− on the surfaces
of RuNi/C and RuNi/D, which suggests incomplete decomposition
of Ru precursor and/or incomplete Cl− removal from the catalyst
surface. With a larger amount of Cl− on its surface, RuNi/D shows
a higher acidity (NH3-TPD) (Table 1). Acidity was also reported to
increase upon chlorine addition [13]. Apart from Cl−, no secondary
anions including Cl or Ru are detected. TOF-SIMS corroborates
the high reducibility of RuNi/A and RuNi/B detected by TPR. The
NiO+/Ni+ and NiOH+/Ni+ intensity ratios are much lower for these
catalysts than for RuNi/C and RuNi/D (Table 2). TOF-SIMS con-
firms the highest concentration of Ni atoms on the RuNi/B surface

+ +
(detected by XPS). The Ni /Ru intensity ratio for RuNi/B is three
times that for RuNi/D.

The hydrogenation actitivity of RuNi/ZSM-5 + Al2O3 was tested
at 200–260 ◦C; this was the range over which the catalysts
displayed dewaxing properties [3].  Activity tests have shown
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Table 2
Characteristics of catalyst surface.

Catalyst code TOF-SIMS method (H2, 500 ◦C, 3 h) XPS method (H2, 500 ◦C, 1 h)

Cl−/totala Intensity ratios of selected ions Atomic ratio Amount of Ni (at. %)

Ni+/Ru+ NiO+/Ni+ NiOH+/Ni+ Ni/Ru Ni/Al + Si Ni0b NiOc NiAlO4
d

RuNi/A 0.2 × 10−2 23.2 1.8 × 10−3 2.3 × 10−2 8 0.062 21 66 13
RuNi/B  0.2 × 10−2 24.8 1.7 × 10−3 1.8 × 10−2 9 0.069 24 62 14
RuNi/C  1.3 × 10−2 7.6 3.0 × 10−3 3.3 × 10−2 7 0.060 17 61 22
RuNi/D 2.4  × 10−2 7.5 2.9 × 10−3 3.3 × 10−2 7 0.057 17 65 18

a Ratio of Cl− ion counts to total ion counts.
b BE = 853.1 eV.
c BE = 855.6 eV.
d BE = 857.2 eV.
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hat 1-MN conversion over RuNi/B and RuNi/A (prepared with
u3(CO)12 and Ru(C5H7O2)3) is by 4–8% and by 2–5% higher, respec-
ively, than over RuNi/C and RuNi/D (prepared with [Ru(NH3)6]Cl3
nd (NH4)2[RuCl6])) (Table 3). Mainly methyltetralins (MTs) and
mall amounts of methyldecalins (MDs) were detected in the reac-
ion products. Over RuNi/A and RuNi/B, the MD  yield was  slightly
igher (Fig. 3a). Under the testing conditions applied (atmospheric
ressure), this is an indication of better hydrogenating properties.
he same catalysts displayed a higher stability (1-MN conversion
id not decrease after the cycle of temperature effect examinations,
able 3). Their increased activity and stability were confirmed by

ctivity tests with various contact times (Table 3, Fig. 3b). However,
uNi/B (obtained with Ru3(CO)12) shows slightly better catalytic
roperties than RuNi/A (prepared with Ru(C5H7O2)3). According to
-MN conversion at contact time lower than 0.3 s (Fig. 3b), the activ-

able 3
ffect of Ru precursors on RuNi catalyst activity for 1-MN conversion (� = 0.5 s).

Catalyst code Reaction temperature (◦C)

200 220 240 260 200a 200b

Conversion (%)

RuNi/A 95.7 81.4 57.8 36.4 95.8 22.1
RuNi/B 96.6 86.1 63.0 38.2 95.8 22.3
RuNi/C 92.3 77.9 56.2 31.9 89.2 3.3
RuNi/D 92.5 78.8 55.3 31.3 89.4 8.0

a After activity test cycle including the effect of reaction temperature.
b After the whole activity test including the effect of both temperature and contact

ime.
T R (ºC)

 on 1-MN conversion (200 ◦C) (b). Catalyst: RuNi/A (�), RuNi/B (�), RuNi/C (�), and

ities of the catalysts can be ordered as: RuNi/B > RuNi/A > RuNi/C
∼ RuNi/D. Catalysts with better hydrogenating properties exhibit
higher NiO reducibility (TPR, XPS, TOF-SIMS), better metal disper-
sion (H2 chemisorption) and more uniform Ru distribution (SEM,
TEM).

4. Conclusions

Among the Ru precursors (Ru(C5H7O2)3, Ru3(CO)12,
[Ru(NH3)6]Cl3, (NH4)2[RuCl6]) used in this study, Ru3(CO)12
made it possible to prepare a RuNi catalyst with the strongest
Ru–Ni interactions, the highest metal oxide reducibility, enhanced
metal dispersion, a uniform Ru distribution, and a high concen-
tration of Ni atoms on its surface. These are the properties that
upgraded the hydrogenation function of this dewaxing catalyst.
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