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ABSTRACT: Ru/Al2O3 catalysts were prepared by conventional incipient wetness impregnation  
as well as colloid deposition of RuCl3 precursor via in situ reduction with ethylene glycol (polyol) 
method on alumina support. The samples were characterized by TEM, XRD and TPR techniques. 
The catalytic performance tests were carried out in a fixed-bed micro-reactor under different 
operating conditions. Ethylene glycol as the reducing agent in the polyol method produced  
well-dispersed and uniform ruthenium nanoparticles with an average diameter of 7 nm supported 
on Al2O3. In conventional method, however, reduction by hydrogen resulted in considerably larger 
particles with average size of 12 nm. The Ru/Al2O3 catalyst prepared by polyol method exhibited 
three-fold higher activity in ammonia synthesis compared to the catalyst prepared by conventional 
method. The turnover frequency ratio of ammonia synthesis of polyol to conventional catalyst  
was estimated to be 2.1 at 450°C implying the reaction is structure-sensitive over Ru-based catalysts. 
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INTRODUCTION 
The catalytic synthesis of ammonia is one of the 

mankind largest synthetic chemical reactions. It is of 
strategic importance since ammonia is the ultimate source 
of nitrogen in nitrogen-containing chemicals. Ammonia  
is the second largest synthetic chemical product [1]. 
Ammonia synthesis reaction from N2 and H2 is composed 
of several steps, in which dissociation of N2 is the rate 
determining step. The main role of ammonia synthesis 
catalyst is to dissociate the N2 bond, because of its high 
bond energy [2]. The industrial synthesis of ammonia  
 
 
 

is carried out under high pressures which results  
in remarkable energy consumption in the synthesis-gas 
(N2+H2) compression with the commercial fused iron 
catalysts [3]. Iron catalysts are prepared by fusion of iron 
oxides and promoters (e.g., aluminum, calcium and 
potassium oxides) in an electric furnace around 1500 °C, 
followed by cooling, crushing and sieving. Sulfur impurities 
and cooling rate affects catalyst performance [4].  
In the meantime in 1996, a group of researchers reported  
and patented a new high-activity ammonia synthesis 
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catalyst based on wustite (FeO) which increased  
the reaction rate by 30% compared to the traditional catalyst. 
However, this catalyst is less active than those based  
on magnetite and much less resistant to thermal deactivation.  

In early 1970s, British Petroleum and M.W. Kellog 
companies jointly developed a new type of catalyst, 
which was ruthenium over carbon support (Ru/C).  
The Kellogg Advanced Ammonia Process (KAAP),  
now licensed by Kellogg/Brown & Root, Inc., uses a new 
Ru-based catalyst supported on graphite-containing carbon 
and co-promoted with Cs (Rb) and Ba. It is capable  
to produce ammonia with a higher yield at lower pressure 
and lower temperature conditions than a conventional  
Fe-based catalyst. High ammonia yields of approximately 
40-50% have been achieved over Ru/C catalyst at  
370-400 °C and 50-100 atm [5]. 

Ruthenium is an active catalyst for a number of 
reactions including ammonia synthesis, Fischer-Tropsch 
synthesis, and methanol electro-oxidation. The 
coordination chemistry of ruthenium (II) and (III)  
has been well developed due to their ability to form stable 
complexes with a wide range of organic ligands. 
Ruthenium should be able to coordinate to either or 
nitrogen and the IR spectra indicate bonding to only  
the nitrile (end) nitrogen [6,7].  

Ruthenium is a rather rare element. It is a precious 
metal and its resources are scarce and expensive, 
therefore, high contents in the catalysts results in high 
cost and this impedes its application [8]. Therefore,  
the development of active catalysts with lower Ru content 
is very important for the economic use of Ru-based 
catalysts for ammonia synthesis. Ruthenium is known  
to show significant activity for ammonia synthesis and  
it may be regarded as the second-generation of ammonia 
synthesis catalysts right alongside iron catalysts [9]. 
Ruthenium is remarkably promoted by addition of alkali 
(metallic or oxide) for the activation of dinitrogen, 
although it has the drawback of suffering from inhibition 
by hydrogen. The high activity thus attained makes  
it possible to reduce the reaction temperature so that  
the total pressure may be lowered to attain a desired 
conversion. Another advantage of Ru is that its lower 
susceptibility to poisons such as H2O and CO than iron, 
when promoted with basic oxides instead of metallic 
alkali. In fact, it has been demonstrated that ammonia 
synthesis can be carried out in the presence of water and 

carbon monoxide on ruthenium catalysts. Thus, the direct 
synthesis of ammonia from dinitrogen, carbon monoxide, 
and water is possible on ruthenium [10]. Ammonia 
synthesis over Ru-based catalysts is a structure-sensitive 
reaction [11]. The activity of the catalyst for structure-
sensitive reactions is not only closely related to the 
number of active sites, but also to the crystal structure, 
inter-atomic spacing and crystallite size of the catalytic 
material. Consequently, the precise control of Ru particle 
size plays an important role in the performance of  
the resulting catalyst [12].  

Nanocrystalline materials consist of nanometer-sized 
crystallites that have a high surface-to-volume ratio that 
distinguish them from conventional polycrystalline or 
amorphous materials [13]. The influence of Ru particle 
sizes on the ammonia synthesis rates had been studied 
based on theoretical calculations and experimental 
results. The dissociation and desorption of nitrogen 
exclusively take place at the step sites on the Ru(0001) 
surface. It seems that the most active sites for  
N2 dissociation and ammonia synthesis are ensembles  
of five Ru atoms, which expose a three-fold hollow site 
and a bridge site close together where part of the atoms, 
are edge atoms [14]. This type of sites is known as B5-type 
sites. Based on the statistics proposed by van Hardeveld 
and Hartog, the group of Jacobsen counted the relative 
number (in relation to the total number of atoms) of  
B5 sites on hcp ruthenium crystallites of different sizes [15]. 

Among the various preparative techniques have been 
used, chemical routes offer the advantages of molecular 
or atomic level control and efficient scale-up for 
processing and production of nanoparticles. The polyol 
method is a simple, single-step process for preparing 
nanostructured powders and coatings. In this process,  
the metal precursor(s) are suspended or dissolved in a polyol 
such as ethylene glycol. The resultant glycol-metal precursor 
mixture is then heated to reflux and the metallic moieties 
precipitated out of solution. The preparation method and 
conditions strongly influence the catalyst performance. 
Ethylene glycol is an excellent reducing agent for the 
preparation of oxide-supported ruthenium catalysts [16].  

Many materials such as carbon [17,18], MgO [19], 
Al2O3 [20,21] and zeolites [22] have been used as 
supports for ruthenium catalysts in ammonia synthesis. 
Metal oxides could be used to stabilize and anchor  
the nanoparticles to reduce the agglomeration of nanoparticles. 
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Among the well-developed ruthenium supports, alumina 
is a stable carrier under ammonia synthesis conditions. 
Great efforts have been paid to improve the catalytic 
activities of Ru/Al2O3 [23]. However, the previous 
works on Ru/Al2O3 catalysts synthesis by polyol method 
used alumina nanoparticles in powder form and 
atmospheric pressure for performance tests which is of 
little relevance to commercial practice. 

In this work, the Ru/Al2O3 catalyst was prepared by 
RuCl3 reduction and deposition on commercial spherical 
alumina support using ethylene glycol and it  
was compared with the conventional catalysts prepared 
by incipient impregnation with the same precursor.  
The catalysts were tested in representative industrial conditions 
for ammonia synthesis. In addition, the apparent 
activation energies determined for prepared samples. 
 
EXPERIMENTAL  SECTION 
Catalyst preparation  

Ruthenium (III) chloride hydrate (RuCl3.xH2O,  
37 wt% Ru), sodium nitrate (NaNO3) and ethylene glycol 
were of analytical grade and used as starting materials. 
Commercial γ-Al2O3 (1.8 mm in diameter and 200 m2/g 
surface area) supplied by Sasol Co, South Africa,  
was used as the support.  

Ru catalysts were prepared by two methods with  
the nominal loading of Ru 2 Wt%. In the polyol method, 
RuCl3.nH2O was dissolved in 0.01 M ethylene glycol  
in a round flask and was stirred at room temperature for 60 min. 
Then the alumina support was added to the flask.  
A condenser was added to the flask and the assembly  
was put into a silicon oil bath with oil temperature at 180 °C 
for 30 min. The flask was then removed from the oil bath 
and immersed into an ice bath for about 30 min. After 
quenching, the ethylene glycol was removed by diluting 
the suspension with 0.3M NaNO3 aqueous solution and 
the solid phase was collected by filtration, washed several 
times with distilled water, and dried at room temperature. 
The other Ru/γ-Al2O3 catalyst was prepared by the incipient 
wetness impregnation method. The samples that are prepared 
by polyol and conventional methods are denoted 
Ru/Al2O3-P and Ru/Al2O3-IM, respectively. 

 
Catalyst characterization  

The TEM studies were performed with EM900 Zeiss 
instrument at 80 kV. Samples were prepared by ultrasonic 

dispersion of the samples in ethanol. The resulting 
suspension was then placed onto carbon grids and  
pre dried before insertion.  

The samples were analyzed for phase identification by 
powder X-ray diffraction using a Ziemens X-ray 
diffractometer D5000 with Cu Kα radiation (40 kV, 30 mA) 
at a scan rate of 12° per minute.  

Temperature-programmed reduction (TPR) analysis 
of the samples was carried out by using a Belcat A 
instrument equipped with a thermal conductivity detector. 
Samples were heated up to 300 °C at 10 °C min-1 in a gas 
stream of 7% hydrogen in argon. 
 
Experimental set-up and catalytic tests 

The catalyst activity for ammonia synthesis was 
measured in a stainless steel reactor (400-475 °C, 30 bar, 
gas hourly space velocity (GHSV) of 1325-5300 h-1 and 
H2/N2 volume ratio of 3). Before testing, the catalyst 
prepared by impregnation method was activated in situ 
under the flow of H2 from ambient temperature to 450 °C 
at a rate of 2.5 °C/min and holding at 450 °C for 6 hours. 
The ammonia content in the effluent was determined by 
an online gas chromatograph (Varian CP-3800).  

Before performance test runs, a blank test was done to 
ensure that the reactor wall material could not exhibit 
catalytic activity in ammonia synthesis.  

The mass reaction rate of ammonia synthesis  
was calculated by the following equation: 

3
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NH0
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c NH
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                                               (1) 

where r'm is the reaction rate (mmol/(gcat.h)), WC 
catalyst weight (g), V0 normal flow rate of feed gas 
(H2+N2) (Nml/h)) and φNH3 is concentration of ammonia 
in reactor outlet (as volume fraction). 

A schematic representation of the experimental set-up 
for ammonia synthesis and temperature-programmed 
reaction is shown in Fig. 1.  
 
RESULTS AND DISCUSSION 

The process of Ru reduction in ethylene glycol was 
accompanied with color changes. The color of the initial 
solution, i.e., glycolic solution of RuCl3, was yellow.  
In the course of heating, the color changed to transparent 
(after 5 min), pink (after 8 min), brown (after 10 min) and 
finally to gray. It is generally agreed that the size of metal 
nanoparticles is determined by the rate of reduction of 
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Fig. 1: A schematic representation of the experimental set-up. 
 
 

CH2OH–CH2OH → CH3CHO + H2O 

6CH3CHO + 4Ru3+ → 4Ru + 12H+ + 3CH3COCOCH3 
 

Scheme 1: mechanism of ruthenium chloride reduction and deposition on the alumina support. 
 
the metal precursor. At high temperatures, ethylene glycol  
is decomposed to yield the in situ reducing species 
CH3CHO for the reduction of the metal ions to metallic 
particles. The reduction process of RuCl3 in ethylene 
glycol can proceed in two steps: (i) ligand exchange 
around the Ru3+ ions and (ii) reduction of Ru3+ to Ru 
metal (Scheme 1). 

The TEM micrograph of Ru/Al2O3 catalyst obtained 
by the polyol method showed the presence of many black 
and dispersed particles on the support (Fig. 2). It can be seen 
that the ruthenium particles were uniform in size and shape, 
and they were dispersed well over the surface of Al2O3. 
The mean particle size of Ru nanoparticles supported on 
the alumina was estimated at 7.16 nm using the Gatan 
software. 

The well dispersed feature is a result of the mild 
reduction conditions by ethylene glycol and also of  
the intermediate stabilization of Ru colloids by freshly 
produced alumina through the electrostatic forces. 

Fig. 3 shows the TEM image of the sample prepared 
by the conventional method after reduction by exposure 
to H2 at 450 °C for 6 h. The reduction process of samples 
with H2 is essential stage in the conventional method 

because of the ruthenium particles must be formed. This 
could cause thermal sintering of metallic particles. 
However, Okal et al. showed that Ru nanoparticles are 
stable at the surface of the alumina support up to 500 °C [24]. 
It can be observed that the Ru particles deposited on 
Al2O3 support were irregular and they were not well 
dispersed. The mean size of the particles was 12.1 nm.   

The XRD patterns of Ru/Al2O3-P and γ-Al2O3 support 
are shown in Fig. 4. According to the results of XRD 
analysis and compression with the standard powder 
diffraction file (JPCDS No. 06-663), Ru should have 
the intense XRD peak at 43.7° that is related to (002) plane 
of Ru crystalline. 

From the peak widths (full width at half max, 
FWHM) of the diffraction peak that was about 2° and  
measured with X'Pert High Score Plus software,  
the dimensions of the Ru particles were estimated based on 
Scherrer equation to one most intense peak. Due to 
overlapping Ru peaks with γ-Al2O3 and low concentration of 
Ru in the samples, the particle size of Ru of Ru/Al2O3-P 
catalyst was approximately that listed in Table 1.  
It shows fair nearly agreement with the TEM results.  
It should be noted that XRD can only detect crystalline 
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Table 1: Particle size of Ru of Ru/Al2O3-P catalyst obtained by XRD and TEM. 
Samples Particle size (nm) 

 d (XRD) d (TEM) 

Ru/Al2O3-P 4.5 7.16 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: TEM image of the polyol-based catalyst. 
 
materials having crystal domains larger than 3-5 nm,  
in concentrations exceeding 1-3 wt% [25]. 

The TPR profiles of samples are displayed in Fig. 5. 
TPR of bulk RuCl3 indicates that RuCl3 could be reduced 
at ~ 175 °C [26]. However, for the Ru/Al2O3-IM sample, 
the peak appears at 128 °C which is attributed  
to reduction of RuCl3 deposited on support. Bulk RuCl3  
is reduced at higher temperatures than the RuCl3 dispersed 
on support. 

The hydrogen consumption could be estimated from 
RuCl3 reduction reaction: 

RuCl3 + 1.5H2 → Ru + 3HCl 
The amount of hydrogen consumed during the 

reduction of RuCl3 was higher than the theoretical value 
and it could be probably due to spill over hydrogen from 
the metal to the support [27]. The data of H2-TPR of 
Ru/Al2O3-IM and Ru/Al2O3-P samples is given in Table 2 
(Ti: initial temperature, Tm: maximum temperature and 
Tf: final temperature for reduction). 

In conventional methods for preparing Ru/Al2O3, 
some chloride ion remains on the surface of samples. 
These ions would promote the sintering of Ru particles, 
and thus decrease the dispersion of Ru in catalysts 
prepared with RuCl3 precursor [28]. During the reduction 
process, hydrogen spills over from Ru to alumina surface 
to remove the chloride. Gas spillover includes three steps: 
adsorption and activation of a diatomic molecule  
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: TEM image of the conventional catalyst. 
 
on a metal surface, the motion of the adsorbed species across 
the surface to the interface with the second surface and 
the diffusion of the spilling over species across the  
non-adsorbing surface. In the other words, H2 molecules 
are dissociated on the sites of Ru surface, and then migrate 
to the sites at Ru-Al2O3 interface by surface diffusion  
or transport. Finally, the adsorbed hydrogen species move 
across the Ru-Al2O3 interface to alumina surface. Fig. 6 
shows the scheme of hydrogen adsorption and  
the proposed location for chlorine on alumina-supported 
ruthenium catalyst. Chlorine can attach on alumina surface 
or be stabilized on Al2O3 matrix which is disadvantageous  
to hydrogen adsorption at Ru–alumina interface and  
the transfer of hydrogen from Ru metal to alumina [29]. 

In the case of Ru/Al2O3 catalyst prepared by in situ 
reduction with ethylene glycol, the peak observed at  
Tm = 103 °C is assigned to reduction of RuO2 derived from 
the oxidation of some Ru metal to ruthenium oxide during 
drying treatment. It reduces at lower temperature, i.e. 
Tmax peak shifted to a lower temperature compared to the 
conventionally prepared catalysts. Seetharamulu et al. 
investigated this phenomenon for Ru supported Mg-Al 
hydrotalcite [30].  The reducibility of Ru in Ru/Al2O3-P 
is attributed to high dispersion of ruthenium particles, 
formation of smaller particles and the lower interactions 
between Ru and aluminum support which induced lower 
reduction temperatures [31]. 
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Table 2: H2-TPR data of Ru/Al2O3-IM and Ru/Al2O3-P samples. 

Sample 
Peak Position (°C) H2 Consumption (mmol/gcatalyst) 

Ti Tm Tf Actual Theoretical 

Ru/Al2O3-IM 82 128 201 0.192 0.145 

Ru/Al2O3-P 80 103 163 0.173 - 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: XRD patterns of catalysts Ru/Al2O3-P and γ-Al2O3 support. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: H2-TPR profiles of Ru/Al2O3-IM and Ru/Al2O3-P. 
 

Fig. 7 shows the results of activity tests of the 
Ru/Al2O3-P and Ru/Al2O3-IM catalysts at different space 
velocities (5300, 2650 and 1325 h-1) of the feed gas at 450 °C. 
In all runs, the catalyst prepared by polyol method, 
showed remarkably higher activities in NH3 synthesis. 

Table 3 shows the reaction rates expressed in 
milimole (mmol) ammonia per gram-hour over the 
catalysts at temperatures of 450 and 500 °C with GHSV 
1325 h-1. The polyol catalyst exhibits a nearly three-fold 
ammonia synthesis activity per catalyst weight compared 
to the conventional sample at 450 °C. Noting that for 
same loading and spherical particles the surface area  
of the metal is inversely proportional to particle diameter, 
one can show that the TurnOver Frequency (TOF) ratio 
of polyol to conventional catalyst was about 2.1 implying 
the reaction is structure sensitive over Ru-based catalysts. 
At 500 °C, the TOF ratio decreased to about 1.5.  
The observed decrease could be due to the higher approach  
to equilibriums at higher temperatures for the exothermic 
ammonia synthesis reaction, and partly, due to sintering 
which is favored at temperatures above 500 °C [24]. 

Performance of Ru/Al2O3-IM and Ru/Al2O3-P at 
various temperatures (425, 450, 475 and 500 °C) and 

GHSV 1325 h-1 are presented in Fig. 8. The reaction rate 
over both catalysts increased with temperature, with 
Ru/Al2O3-P sample exhibited higher ammonia synthesis 
activity. 

The activation energy of the reaction was estimated 
by changing the reaction temperature between 425 and 
500 °C. The apparent activation energy (Ea) values were 
determined from the Arrhenius plots of the ammonia 
synthesis rate values. The Arrhenius-type plot given  
in Fig. 9 also shows the effect of preparation method  
on the activity of Ru/Al2O3 catalysts. The lower activation 
energy of the nanocatalyst prepared by polyol method  
is consistent with its superior activity in ammonia synthesis. 

The apparent activation energies listed in Table 4 
compare favorably with those of previous studies 
[28,32,33]. 

Factors other than particle size could influence  
the performance as well. The support, for example, plays 
an essential role in the formation of the active phase(s) when 
the catalysts were prepared by the impregnation method. 
The impregnation process can be regarded as complex 
sequences of chemical reactions taking place at the solid 
(the support) and liquid (impregnation solution) interface.  
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Table 3: Results of activity tests in terms of ammonia synthesis rate (mmol/gCat.h) (GHSV: 1325 h-1). 
Sample Name IM-3O2AlRu/ P-3O2AlRu/ 

Synthesis rate (T: 450 °C) 0.42 1.47 

Synthesis rate (T: 500 °C) 1.28 3.18 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6: Scheme of hydrogen spillover and the proposed location for chlorine in (a) chlorine-free and  
(b) chlorine containing Ru/Al2O3 [29]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Activity of the samples in different flows (T= 450 °C, 
P=30 bar). 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Activity of the samples in different temperatures 
(P=30 bar, GHSV=1325  h-1). 

 
In conventional impregnation method, the acidity  

of the support and contamination of the Ru metal  
by aluminium could further decrease the activity. It is quite 
possible that part of the alumina support dissolved during 
impregnation participates with Ru in the formation of the 
active sites. In contrast, in the case of Ru/Al2O3 
preparation by polyol method, Ru interacts with the 
support as metal particles rather than ions. The small 
amount of HCl resulted from the reduction of RuCl3  
with ethylene glycol seems to have little influence  
on the catalytic activity of Ru/Al2O3. Therefore, the interaction 
between the support and the Ru nanoparticles  
is minimized by this preparation method, and therefore 

the active phase (Ru metal) is not contaminated by 
aluminum or chlorine ions derived from the support.  
 
CONCLUSIONS 

The preparation method has a strong influence  
on the performance of Ru/Al2O3 catalysts in ammonia 
synthesis. Ruthenium nanoparticles prepared by reducing 
RuCl3 in ethylene glycol (polyol method) exhibit uniform 
shape and particle size about 7 nm. The higher activity 
and low activation energy of the samples prepared by 
polyol method compared to those prepared by conventional 
method is attributed to the smaller particle size and lower 
metal- support interactions and no contamination of metal 
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Table 4: Activation energy for ammonia synthesis in 
Ru/Al2O3-IM and Ru/Al2O3-P samples. 

Sample name Activation energy (kJ/mol)  

IM-3O2AlRu/ 107.13 

P-3O2AlRu/ 79.04 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9: Arrhenius plot for the ammonia synthesis rate over (♦) 
Ru/Al2O3-IM and () Ru/Al2O3-P (P= 30 bar, GHSV=1325 h-1). 
 
particles by support. The comparison TOF value  
on different catalyst implies that the reaction is structure-
sensitive over Ru-based catalyst.   

 
Acknowledgment 

The authors wish to acknowledge the Petrochemical 
Research and Technology Company of National 
Petrochemical Company (NPC-RT) for the financial 
support of this work. 

 
Received : Dec. 15, 2013  ;  Accepted : Nov. 9, 2014 

 
REFERENCES 
[1] Schlogl R., Ammonia Synthesis in: "Handbook of 

Heterogeneous Catalysis", Department of Inorganic 
Chemistry, Fritz-Haber-Institute of the MPG, 
Germany (1991). 

[2] Kojima R, Aika K., Cobalt Molybdenum Bimetallic 
Nitride Catalysts for Ammonia Synthesis Part 1. 
Preparation and Characterization, Appl. Catal. A: 
General, 215(1-2): 149-160 (2001). 

[3] Nielsen S.E., "Ammonia Synthesis: Catalyst and 
Technologies", Haldor Topsoe A/SNymoelleves 55, 
DK-2800 Lyngby, Denmark (2008). 

[4]   Jafari A., Saadatjou N., Yazdani rad R., Sahebdelfar S., 
The Effect of Sulfur Content and Cooling Rate on 
Fused Iron Catalyst for Ammonia Synthesis, "Proc. 
of the 16th Iranian Chemistry Congress", Yazd, Iran, 
404 (2013). 

[5] Puspitasari P., Yahya N., Development of Ammonia 
Synthesis, "Proceeding of National Postgraduate 
Conference (NPC)", Kuala Lumpur (2011). 

[6] Hadadzadeh H., Rezvani A.R., Synthesis, 
Characterization, Electrochemical and 
Spectrochemical Properties of Ruthenium (II) 
Complexes Containing Phenylcyanamide Ligands 
and Effect of Inner-Sphere on the Ru-NCN, Iran. J. 
Chem. Chem. Eng. (IJCCE), 24(2): 21-30 (2005).  

[7]  Tavasoli A., Karimi A., Khodadadi A.A., Mortazavi Y., 
Mousavian M.A., Accelerated Deactivation and 
Activity Recovery Studies of Ruthenium and 
Rhenium Promoted Cobalt Catalysts in Fischer-
Tropsch Synthesis, Iran. J. Chem. Chem. Eng. (IJCCE), 
24(4): 25-36 (2005). 

[8] Rard J.A., Chemistry and Thermodynamics of 
Ruthenium and Some of Its Inorganic Compounds 
and Aqueous Species, Chem. Rev., 85(1): 1-39 
(1985). 

[9] Yang Z., Guo W., Lin J., Liao D., Supported Catalysts 
with Ru–M (M = Fe, Co, Ni, Mo) Bimetallic Active 
Centers for Ammonia Synthesis, Chin. J. Catal., 
27(5): 378-380 (2006).  

[10] Ozaki A., Development of Alkali-Promoted 
Ruthenium as a Novel Catalyst for Ammonia 
Synthesis, Acc. Chem. Res., 14(1): 16-21 (1981). 

[11] Dahl S., "N2 Activation and NH3 Synthesis over Ru, 
Fe and Fe/Ru Model Catalysts", Ph.D. Thesis, 
Technical University of Denmark, Lyngby, 
Denmark, (1999). 

[12] Van Hardeveld R., Van Montfoort A., The Influence 
of Crystallite Size on the Adsorption of Molecular 
Nitrogen on Nickel, Palladium and Platinum: An 
Infrared and Electron-Microscopic Study, Surf. Sci., 
4(4): 396-430 (1966). 

[13] Gharibi M., Tahriri Zangeneh F., Yaripour F., 
Sahebdelfar S., Nanocatalysts for Conversion of 
Natural Gas to Liquid Fuels and Petrochemical 
Feedstocks, Appl. Catal. A: General, 443-444(7):  
8-26 (2012). 

1/Tk-1 

L
n(

r)
 (m

m
ol

/g
C

at
.h

) 

1.5 
 
1 
 

0.5 
 
0 
 

-0.5 
 

-1 
 

-1.5 
 

-2 

8 

http://pubman.mpdl.mpg.de/pubman/item/escidoc:736938:3/component/escidoc:932945/Ammonia+Synthesis.pdf
http://pubman.mpdl.mpg.de/pubman/item/escidoc:736938:3/component/escidoc:932945/Ammonia+Synthesis.pdf
http://www.sciencedirect.com/science/article/pii/S0926860X01005294
http://www.sciencedirect.com/science/article/pii/S0926860X01005294
http://www.sciencedirect.com/science/article/pii/S0926860X01005294
http://pubs.acs.org/doi/abs/10.1021/bk-2009-1000.ch002
http://pubs.acs.org/doi/abs/10.1021/bk-2009-1000.ch002
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6136449&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6136449
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6136449&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6136449
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6129460
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6129460
http://www.ijcce.ac.ir/article_8121_1423.html
http://www.ijcce.ac.ir/article_8121_1423.html
http://www.ijcce.ac.ir/article_8121_1423.html
http://www.ijcce.ac.ir/article_8121_1423.html
http://www.ijcce.ac.ir/article_8121_1423.html
http://www.ijcce.ac.ir/article_8105_1423.html
http://www.ijcce.ac.ir/article_8105_1423.html
http://www.ijcce.ac.ir/article_8105_1423.html
http://www.ijcce.ac.ir/article_8105_1423.html
http://pubs.acs.org/doi/abs/10.1021/cr00065a001
http://pubs.acs.org/doi/abs/10.1021/cr00065a001
http://pubs.acs.org/doi/abs/10.1021/cr00065a001
http://www.sciencedirect.com/science/article/pii/S1872206706600223
http://www.sciencedirect.com/science/article/pii/S1872206706600223
http://www.sciencedirect.com/science/article/pii/S1872206706600223
http://pubs.acs.org/doi/abs/10.1021/ar00061a003
http://pubs.acs.org/doi/abs/10.1021/ar00061a003
http://pubs.acs.org/doi/abs/10.1021/ar00061a003
http://orbit.dtu.dk/en/publications/n2-activation-and-nh3-synthesis-over-ru-fe-and-feru-model-catalysts%286ba8c310-3228-48d0-9181-b9ae38e153c4%29.html
http://orbit.dtu.dk/en/publications/n2-activation-and-nh3-synthesis-over-ru-fe-and-feru-model-catalysts%286ba8c310-3228-48d0-9181-b9ae38e153c4%29.html
http://www.sciencedirect.com/science/article/pii/0039602866900161
http://www.sciencedirect.com/science/article/pii/0039602866900161
http://www.sciencedirect.com/science/article/pii/0039602866900161
http://www.sciencedirect.com/science/article/pii/0039602866900161
http://www.sciencedirect.com/science/article/pii/S0926860X12004036
http://www.sciencedirect.com/science/article/pii/S0926860X12004036
http://www.sciencedirect.com/science/article/pii/S0926860X12004036


Iran. J. Chem. Chem. Eng. Synthesis and Characterization of Ru/Al2O3 Nanocatalyst ... Vol. 34, No. 1, 2015 
 

[14] Dahl S., Tornqvist E., Chorkendorff I., Dissociative 
Adsorption of N2 on Ru(0001): A Surface Reaction 
Totally Dominated by Steps, J. Catal., 192(2): 381-
390 (2000).  

[15] Jacobsen C.J.H., Dahl S., Hansen P.L., Tornqvist E., 
Jensen L., Topsoe H., Prip, D.V., Moenshaug, P.B., 
Chorkendorff, I., Structure Sensitivity of Supported 
Ruthenium Catalysts for Ammonia Synthesis,  
J. Mol. Catal.: A Chem., 163(1-2): 19-26 (2000). 

[16] Kurihara L.K., Chow G.M., Schoen P.E., 
Nanocrystalline Metallic Powders and Films 
Produced by the Polyol Method, Nanostruct. Mater., 
5(6): 607-613 (1995). 

[17] Lin B., Wei K., Carbon-Supported Ru Catalyst with 
Lithium Promoter for Ammonia Synthesis, Catal. 
Commun., 41: 110-114 (2013). 

[18] Ji Z., Liang S., Jiang Y., Li H., Liu Z. Zhao T., 
Synthesis and Characterization of Ruthenium-
Containing Ordered Mesoporous Carbon with High 
Specific Surface Area, Carbon, 47(9): 2194-2199 
(2009). 

[19] Iwamoto J., Itoh M., Kajita Y., Saito M., Machida K., 
Ammonia Synthesis on Magnesia Supported 
Ruthenium Catalysts with Mesoporous Structure, 
Catal. Commun., 8(6): 941-944(2007). 

[20] Kadowaki Y., Aika K., Promoter Effect of Sm2O3 on 
Ru/Al2O3 in Ammonia Synthesis, J. Catal., 161(1): 
178-185 (1996). 

[21] Lin B., Wang R., Lin J., Ni J., Wei K., Sm-Promoted 
Alumina Supported Ru Catalysts for Ammonia 
Synthesis: Effect of the Preparation Method and Sm 
Promoter, Catal. Commun., 12(6): 553-558 (2011).  

[22] Davis R.J., New Perspectives on Basic Zeolites as 
Catalysts and Catalyst Supports, J. Catal., 216(1-2): 
396-405 (2003). 

[23] Laricheva Y., Moroza B., Bukhtiyarova V., 
Electronic State of Ruthenium Deposited onto Oxide 
Supports: An XPS Study Taking into Account  
the Final State Effects, Appl. Sur. Sci., 258(4): 1541-
1550 (2011). 

[24] Okal J., Kepineski L., Sintering of Colloidal Ru/γ-
Al2O3 Catalyst in Hydrogen, Catal. Lett., 128(3-4): 
331-336 (2009). 

[25] Bartholomew C.H., Farrauto R.J., "Fundamentals of 
Industrial Catalytic Processes", 2nd ed., Wiley, New 
Jersey, (2006). 

[26] Aika K., Shimazaki K., Hattori Y., Ohya A., 
Ohshima S., Shirota K., Ozaki A., Support and 
Promoter Effect of Ruthenium Catalyst I. 
Characterization of Alkali-Promoted 
Ruthenium/Alumina Catalysts for Ammonia 
Synthesis, J. Catal., 92(2): 296-304 (1985). 

[27] Liang C., Wei Z., Luo M., Ying P., Xin Q., Li C., 
Hydrogen Spillover Effect in the Reduction of 
Barium Nitrate of Ru-Ba(NO3)2/AC Catalysts for 
Ammonia Synthesis, Stud. Surf. Sci. Catal., 138: 
283-290 (2001). 

[28] Rosowski F., Hornung A., Hinrichsen O., Herein D., 
Muhler M., Ertl G., Ruthenium Catalysts for 
Ammonia Synthesis at High Pressures: Preparation, 
Characterization, and Power-Law Kinetics, Appl. 
Catal. A: Gen., 151(2): 443-460 (1997). 

[29] Lin B., Wang R., Lin J., Ni J., Wei K., Effect of 
Chlorine on the Chemisorptive Properties and 
Ammonia Synthesis Activity of Alumina-Supported 
Ru Catalysts, Catal. Lett., 141(10): 1557-1568 
(2011). 

[30] Seetharamulu P., Kumar V.S., Padmasri A.H., Raju 
B.D., Rao K.S.R., A Highly Active Nano-Ru 
Catalyst Supported on Novel Mg–Al Hydrotalcite 
Precursor for the Synthesis of Ammonia, J. Mol. 
Catal.: A Chem., 263(1-2): 253-258 (2007). 

[31] Vasiliadou E.S., Heracleous E., Vasalos I.A., 
Lemonidou A.A., Ru-based Catalysts for Glycerol 
Hydrogenolysis Effect of Support and Metal 
Precursor, Appl. Catal. B, 92(1-2): 90-99 (2009). 

[32] Murata S., Aika K., Preparation and Characterization 
of Chlorine-Free Ruthenium Catalysts and the 
Promoter Effect in Ammonia Synthesis, J. Catal. 
136(1): 110-117 (1992). 

[33] Hinrichsen O., Rosowski F., Hornung A., Muhler M., 
Ertl, G., The Kinetics of Ammonia Synthesis over 
Ru-based Catalysts Part 1: Dissociative 
Chemisorptions and Associative Desorption of N2,  
J. Catal., 165(1): 33-44 (1997). 

9 

http://www.sciencedirect.com/science/article/pii/S0021951700928586
http://www.sciencedirect.com/science/article/pii/S0021951700928586
http://www.sciencedirect.com/science/article/pii/S0021951700928586
http://www.sciencedirect.com/science/article/pii/S1381116900003964
http://www.sciencedirect.com/science/article/pii/S1381116900003964
http://www.sciencedirect.com/science/article/pii/096597739500275J
http://www.sciencedirect.com/science/article/pii/096597739500275J
http://www.sciencedirect.com/science/article/pii/S1566736713002434
http://www.sciencedirect.com/science/article/pii/S1566736713002434
http://www.sciencedirect.com/science/article/pii/S0008622309002085
http://www.sciencedirect.com/science/article/pii/S0008622309002085
http://www.sciencedirect.com/science/article/pii/S0008622309002085
http://www.sciencedirect.com/science/article/pii/S1566736706002196
http://www.sciencedirect.com/science/article/pii/S1566736706002196
http://www.sciencedirect.com/science/article/pii/S0021951796901748
http://www.sciencedirect.com/science/article/pii/S0021951796901748
http://www.sciencedirect.com/science/article/pii/S1566736710003948
http://www.sciencedirect.com/science/article/pii/S1566736710003948
http://www.sciencedirect.com/science/article/pii/S1566736710003948
http://www.sciencedirect.com/science/article/pii/S1566736710003948
http://www.sciencedirect.com/science/article/pii/S0021951702000349
http://www.sciencedirect.com/science/article/pii/S0021951702000349
http://www.sciencedirect.com/science/article/pii/S0169433211015303
http://www.sciencedirect.com/science/article/pii/S0169433211015303
http://www.sciencedirect.com/science/article/pii/S0169433211015303
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471457132.html
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471457132.html
http://www.sciencedirect.com/science/article/pii/0021951785902647
http://www.sciencedirect.com/science/article/pii/0021951785902647
http://www.sciencedirect.com/science/article/pii/0021951785902647
http://www.sciencedirect.com/science/article/pii/0021951785902647
http://www.sciencedirect.com/science/article/pii/0021951785902647
http://www.sciencedirect.com/science/article/pii/S0167299101800409
http://www.sciencedirect.com/science/article/pii/S0167299101800409
http://www.sciencedirect.com/science/article/pii/S0167299101800409
http://www.sciencedirect.com/science/article/pii/S0926860X96003043
http://www.sciencedirect.com/science/article/pii/S0926860X96003043
http://www.sciencedirect.com/science/article/pii/S0926860X96003043
http://link.springer.com/article/10.1007/s10562-011-0658-3
http://link.springer.com/article/10.1007/s10562-011-0658-3
http://link.springer.com/article/10.1007/s10562-011-0658-3
http://link.springer.com/article/10.1007/s10562-011-0658-3
http://www.sciencedirect.com/science/article/pii/S138111690601168X
http://www.sciencedirect.com/science/article/pii/S138111690601168X
http://www.sciencedirect.com/science/article/pii/S138111690601168X
http://www.sciencedirect.com/science/article/pii/S0926337309002999
http://www.sciencedirect.com/science/article/pii/S0926337309002999
http://www.sciencedirect.com/science/article/pii/S0926337309002999
http://www.sciencedirect.com/science/article/pii/0021951792901104
http://www.sciencedirect.com/science/article/pii/0021951792901104
http://www.sciencedirect.com/science/article/pii/0021951792901104
http://www.sciencedirect.com/science/article/pii/S0021951797914470
http://www.sciencedirect.com/science/article/pii/S0021951797914470
http://www.sciencedirect.com/science/article/pii/S0021951797914470

	Received : Dec. 15, 2013  ;  Accepted : Nov. 9, 2014
	REFERENCES

