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     Abstract 
Some Pd and/or Au containing catalysts supported on TiO2 were prepared by 

impregnation (I) and incipient witness (IW) methods. These catalysts that include Au3%/TiO2-I, 

Au1.5%/TiO2-I, Au1.5%Pd1.5%/TiO2-I, Pd1.5%/TiO2-I, Pd3%/TiO2-I and Au6.0%Pd0.2%/TiO2/IW were 

characterized by means of XRD. The supported metal was thereby determined to have a particle 

size around 50 nm. All catalysts were tested in the reduction of nitrate ions in aqueous solution 

and in the presence of hydrogen gas. All tested catalysts were found to be of relatively high 

activity and with high dinitrogen selectivity in this respect. Pd-Au/TiO2 catalysts were found to 

have high selectivity but slightly lower activity than Pd-catalysts. Incorporation of Au into Pd 

catalysts has improved their selectivity. Au1.5%Pd1.5%/TiO2-I produces less nitrite than Pd3%/TiO2-

I, indicating that alloying has positive effects on the reduction of nitrate. The alloying effects were 

much more pronounced in the case of Au6%Pd0.2%/TiO2/IW where more than 87% nitrate 

conversion was achieved with ~100% dinitrogen selectivity in 30 min. of reaction and without 

any detectable nitrogen fixation.  
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Introduction 
Nitrate is one of the most problematic and widespread potential groundwater 

contaminants. Its concentration in groundwater is still rising throughout the world 

mainly due to intensive agricultural activities.[1] Besides being a major component of 

natural fertilizers, nitrogen is a key component within inorganic fertilizers. The 

increased dependency of farming practices on such fertilizers over several decades 

has led to increasing levels of human exposure to nitrates. In 1998, the European 

Environmental Agency expressed its concern that about 87% of all agricultural areas in 

the EU have nitrate concentrations above the guide level of 25 mg/L and that about 

20% of these areas exceeded the legal limit of 50 mg/L.[2] In several regions in the 

world, drinking water wells have been closed because of the too high nitrate 

concentrations, as was the case with several wells in the agricultural area of Torrington 

in Wyoming, USA.[3] Health of livestock is also affected by high nitrate levels in water, 

especially ruminants such as cows and sheep.[4]  
                                                             
  Corresponding author:  e-mail: smahmoud@yu.edu.jo 



27 

As water demand is still increasing throughout the world (water demand has 

tripled in the last 50 years[5]), processes for nitrate removal from drinking water have 

regained interest in recent years. The current technologies used for nitrate removal 

from water are divided into physico-chemical, biological and catalytic processes.[6] The 

main disadvantage of the currently used physico-chemical technologies (ion exchange, 

reverse osmosis and electro-dialysis) for water denitrification is the fact that nitrate is 

not converted into a harmless form, but only removed from water into brine which has 

to be treated afterwards or disposed off. In addition, the above processes do change 

the composition of treated water, since above mentioned processes do not target the 

nitrate selectively.  

An alternative technology, first described by Vorlop and coworkers in 1989,[7,8] is 

the hydrocatalytic reduction of nitrate or nitrite over noble metals-based catalysts to 

gaseous nitrogen. Several arguments (e.g. process simplicity, process selectivity and 

the absence of any additive that may introduce secondary contamination) favor the 

catalytic process economically and ecologically. Among several noble metals (Pd, Pt, 

Ir, Ru, Rh), palladium is by far the most preferable hydrogenation catalyst. It is very 

efficient in removing nitrite ions and other intermediates. Thus, selectivities >99% could 

be achieved in the nitrite reduction over monometallic palladium catalysts.[9,10]. 

However, on palladium alone, nitrate reduction does not take place and promotion by 

another metal, such as Cu, Ag, Zn, Sn or In was found to be necessary. Therefore, 

bimetallic Pd-containing catalysts have been extensively studied.[11-15] Thereby, Pd-Cu 

supported on silica or alumina is the most used system in the catalytic reduction of 

nitrates.[e.g. 9,11,15-18] Conversion of nitrate into harmless nitrogen gas with selectivity 

equal to 91% has been reported for Pd-Cu/Al2O3.[18] The results are, however, not 

satisfactory due to the unacceptable levels of produced ammonia.[19] 

The influence of catalyst preparation conditions as well as reaction conditions on 

the nitrate removal activity and/or selectivity of Pd-Cu catalysts was intensively 

investigated by Vorlop and co-workers.[9,16, 20 - 23] The catalytic properties were found to 

be sensitive to the ratio of the two metals. The optimal ratio can differ slightly 

depending on the support material and the preparation method yielding dinitrogen 

selectivity of 80-95%.[9,16, 24] The selectivity can be improved further by using a mixture 

of Pd and Pd-Cu catalysts.[9,10]. Cu-Pd nanoparticles catalysts were found to have 

increased activity and N2 selectivity in the reduction of nitrate ions in the presence of 

H2 gas.[25] 

Gauthard et al. investigated the effects of Au, Ag and Cu on the catalytic 

properties of Pd and Pt catalysts with respect to the nitrate reduction.[26] While Au turns 

these catalysts inactive, Cu and Ag addition was found to modify their catalytic 

behavior.  

In the mid-nineties, new selective nitrate reducing bimetallic catalysts, Pd-Sn 

and Pd-In, were introduced.[20, 27] These were shown to have higher activity and 
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selectivity than the corresponding Pd-Cu catalysts,[20, 27] although opposite results were 

found by Strukul et al. for titania and zirconia supported Pd-Sn catalysts.[28]  

In addition to the conventional Pd promoted catalysts, this study will focus on the 

application of gold metal, as well. Although gold is an inert metal, it was found to show 

remarkable catalytic properties as a hydrogenation catalyst when prepared in nano-

form.[29,30,31] Fe, Au, Pd, and Au-Pd/TiO2 in nano-scale were also investigated as 

potential catalysts in several reactions.[25,32-34] This study aims at investigating the 

effect of promotion on the catalytic behavior of Pd catalysts in the aqueous phase 

reduction of nitrate through gold additives. Two important strategies are thereby 

followed: The preparation of nano-size metallic phases as well as the application of 

non-traditional reducible TiO2 support. 

Experimental 

Catalysts preparation and characterization 

Au and Pd catalysts supported on TiO2 have been prepared in monometallic and 

bimetallic forms using the incipient wetness method (IW) and the impregnation 

method. In the incipient wetness method (IW), 2.00 g of dehydrated TiO2 catalyst 

support pellets (Alfa Aesar) are added to a solution of NaAuCl4 (Alfa Aesar) and/or 

PdCl2 (JANSSEN CHMICA) of appropriate concentrations and left to soak for three 

hours. The solution was then decanted and the pellets are gently dried with a filter 

paper before drying overnight at 120ºC, followed by calcination with oxygen gas (Arab 

supply Co.), for 3 h at 300ºC and reduction with hydrogen gas (Arab supply Co.), for 2 

h at 300ºC.  

In the impregnation method, 5.00 g of crushed TiO2 catalyst support pellets (Alfa 

Aesar) are added to a solution of NaAuCl4 (Alfa Aesar) and/or PdCl2 (JANSSEN 

CHIMICA) of appropriate concentrations. Water was removed very slowly using a 

rotary evaporator (BÜCHI) to ensure the homogeneous distribution of the salts over 

the support. The impregnated solid was dried overnight at 120ºC followed by 

calcination with oxygen gas for 3 h at 300ºC and reduction with hydrogen gas, for 2 h 

at 350ºC. 

Nitrate Reduction 

Before being used, the catalyst was freshly activated for 2 h under H2 gas at 

350oC. The reactor was then allowed to cool under hydrogen and the catalyst was 

transferred directly to 300 mL of 100 ppm potassium nitrate solution into which 

hydrogen gas was flowing at a constant rate of 52 ml/min. at 25oC. The solution was 

stirred (STUART Scientific motor stirrer) at a speed of 500 rpm, and its pH value was 

recorded when the samples were collected using a JENWAY 3310 pH-meter. The 

reaction progress was followed by taking ~ 7 mL samples from the system at specific 

time intervals. The samples were then analyzed spectrophotometrically (Shimadzu UV-

1800 spectrophotometer) with respect to the nitrate, nitrite and ammonium 
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concentrations according to the cadmium reduction standard method and the standard 

phenate method, respectively [35]. 

The prepared catalysts were characterized with respect to present crystalline 

phases and their structure by means of x-ray diffraction which enables also particle 

size determination of supported metal particles. A Shimadzu XRD-6000 labX 

instrument was used with a Cu-tube (λK=1.5418 Å) located at the Department of 

Archeology, Yarmouk University. 

The Pd containing catalysts were characterized with respect to their hydrogen 

adsorption properties. This was accomplished by applying a pulse flowing technique in 

which 250 L pulses of gaseous hydrogen were injected at 20oC into a reactor 

containing 0.15 g of freshly oxidized catalyst. Hydrogen exiting the reactor is detected 

by means of a thermal conductivity detector (TCD, Valco Instruments Co.). After 

saturation, the catalyst sample is heated under argon at a constant heating rate 

(10oC/min.) up to 550oC with the purpose of desorbing all surface hydrogen. 

Results and Discussion 

Catalyst characterization 

Figure 1 shows the X-ray diffraction pattern for Au6.0%Pd0.2%/TiO2/IW in the range 

2θ=30o-80o. The observed diffraction lines can be divided into two sets: The first set 

includes the lines at 38.08o, 44.27o, 64.47o and 77.44o, and could, through comparison 

with a reference pattern (JCPDS card 65-2870), be identified to belong to gold. The 

second set includes the diffraction lines with rather low intensities at 39.77o, 45.32o and 

68.78o which are very close to those of Pd (40.15o, 46.69o and 68.18o) as reported in  
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Figure 1: XRD-pattern of Au6.0%Pd0.2%/TiO2/IW. 
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the JCPDS card 65-6174. The rather low intensities of the Pd lines relative to those of 

gold reflect the much smaller content of palladium (0.2%) in the system compared to 

that of gold (6%). The diffraction feature at 34.24o is most probably due to the 

presence of a palladium oxide phase. The small shift from the value reported for PdO 

at 33.84o (JCPDS 41-1107) can be explained by some distortion of the PdO structure 

due to the dissolution of H2O as evident in the JCPDS card 9-254 for palladium oxide 

hydrate. 
The small shift in the Pd lines position suggests alloying with gold, a process 

that has been explicitly reported in literature.[36, 37] This shift can be used to estimate 

the composition of formed alloy according to the Vegard's law, an empirical equation 

that relates the change in lattice structure upon alloying with the composition of the 

alloy. The Vegard's law is illustrated below for the (111) plane. a (111) is thereby the 

interplanar separation between the (111) planes and xi is the mole fraction of the i-

component, (eq. 1). 

              )111()111()111( PdPdAuAuPdAu axaxa 
             (eq. 1) 

The structure parameter a can be calculated by means of Bragg's law where  is 

the wavelength of used x-ray source (Cu-tube, average=1.54184 Å) and  is the 

diffraction line position (half of 2), (eq. 2). 

                 sin2  an               (eq. 2) 

Application of Vegard's law to the most prominent diffraction line of Pd (which 

corresponds to the (111) plane) yields: 
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XRD can be also used to estimate the size of the crystalline phases. Crystallites 

with particle size lower than 100 nm are known to show broadening in their diffraction 

lines. This broadening can be used to estimate the particle size according to Scherrer’s 

equation, (eq. 3):  

                                       



cos.

.Kd                 (eq.3) 

Where  
     K: Scherrer constant = 0.92 

                 λ: Wavelength of applied X-ray (Cu-α)= 1.54056 Ǻ 
                 θ: Diffraction angle  
: Line broadening due to decreased crystallite size in radians 
  

In order to evaluate the line broadening , the K2 contribution of the Cu 

radiation must first of all be separated from the K1 contribution by mathematical 
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deconvolution of the diffraction line. After that, the so-called instrumental broadening 

binst (i.e. broadening of diffraction line due to instrumental factors) must be subtracted 

from the observed peak width. For the purpose of evaluating binst, the diffraction 

pattern of a highly crystalline standard Si-sample, which is known to have a sharp 

diffraction line just near the diffraction peak of the sample of interest, was measured. 

binst was taken as the FWHM of the Si-line at ~55º and was found to be 0.075º. For a 

Lorentzian peak profile, eq. 4) 

      instobs bB                (eq. 4) 

Figure 2 represents enlargements of the diffraction lines of gold at ~ 64.5o (Fig. 

2a) and of Pd at ~ 39.7o (Fig. 2b) and their deconvolution into 1 and 2 contributions. 

Applying the Scherrer’s equation after subtracting the instrumental broadening gives 

an average particle size of 49 nm for gold and 52 for palladium. 
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Figure 2: Au and Pd diffraction lines at 64.5o and 39.7o, respectively, in the XRD 

pattern of Au6.0%Pd0.2%/TiO2/IW, deconvoluted using a Lorentzian profile. 

The X-ray diffraction patterns of the titania supported gold and/or palladium 

catalysts prepared by impregnation are shown in figure 3. They are complicated by the 

appearance of the support diffraction features characterized by a rather large width as 

well as a large diffuse background, indicating the poor crystallinity of titania. The Pd 

diffraction lines are masked by the diffraction features of the support but all gold 

diffraction lines can still be recognized, especially in the case of higher gold content of 

3% (marked with a asterisk in figure 3), and become smaller as the Au content is 

decreased to 1.5%. In the case of the Au1.5%Pd1.5%/TiO2-I catalyst, the most prominent 

gold diffraction line at 38.1o is strongly suppressed despite the high gold content in that 

catalyst (3%). The suppression of this diffraction line is accompanied by a clear 

broadening of the diffraction feature with a clear shoulder at 38.5o suggesting, 

according to Vegard’s Law, a strong alloy formation. This conclusion is supported 

further by hydrogen chemisorption measurements of the oxygen treated system which 

indicate that the total hydrogen uptake of the oxidized catalyst is far beyond that 

needed to react off the oxide species in palladium oxide and that adsorbed thereafter 

on the Pd particles. Moreover, the sample was heated after saturation with hydrogen at 
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a constant rate up to 550oC but almost no hydrogen desorption was observed. This 

behavior can be explained by the reaction of hydrogen atoms adsorbed on/within Pd 

with gold oxide in closest vicinity suggesting alloy formation.[38]  
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Figure 3: XRD-patterns of a) Au3%/TiO2-I, b) Au1.5%/TiO2-I, c) Au1.5%Pd1.5%/TiO2-I, d) 

Pd1.5%/TiO2-I and e) Pd3%/TiO2-I. 

Nitrate Reduction 

Figure 4 represents the reduction of nitrate over Au3%/TiO2-I and Au1.5%/TiO2-I. It 

is clear that the TiO2 support itself, under investigated conditions, is catalytically 

inactive and that gold, despite its rather large particle size (~50 nm), is capable of 

catalyzing the reduction of nitrate at room temperature. In the case of Au3%/TiO2-I, the 

nitrate concentration was found to drop in the first 30 minutes of reaction by ~60% 

(from 100 ppm initially to 42 ppm), as expected the pH rises thereby significantly. Low 

concentrations of nitrite (0.25 ppm) could also be detected (not shown in Fig. 4). 

Beyond the first 30 min. of reaction, the concentration of nitrate was however found to 

increase a little bit instead of decreasing further. A possible explanation for this 

peculiar behavior is the recently reported ability of TiO2 to fixate nitrogen, i.e. its ability 

to produce nitrate ions back from the produced nitrogen.[39] It is believed that both 

temperature and light enhance this process.[40] 

In the case of Au1.5%/TiO2-I, it can be seen that the NO3
- concentration drops in 

the first 30 min. of reaction only by 34%, compared to ~60% in the case of Au3%/TiO2-I. 

The catalyst is clearly less active than Au3%/TiO2-I which can be explained by the fact 

that there is less gold on the catalyst surface than in the case of Au3%/TiO2-I. 

Moreover, and contrary to Au3%/TiO2-I, there is no indication of nitrogen fixation. No 

detectable amounts of NO2
- or NH4

+
 ions were observed. 
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Figure 4: Reduction of NO3

- at 25oC over 0.25 g of 3% Au/TiO2/I and of 1.5% 
Au/TiO2/I, F. RH2= 52 ml/min. 

This observed hydrogenation activity of gold is in agreement with literature 

reports where rather large gold particles (50-80 nm) were found active in the 

hydrogenolysis of propane.[41] Gold particles as large as ~20 nm were also reported to 

be active in the CO oxidation.[42] Alumina supported gold catalysts of similar size and 

prepared in the same method as the titania supported ones investigated in this work 

were however found to be rather inactive in this respect.[38] Obviously, the type of 

support seems to play a significant role in determining the catalytic activity of 

supported gold particles of rather large size. A similar conclusion has been reported in 

the CO oxidation where ZrO2 supported gold catalysts were found to be superior 

regarding their activity and selectivity in comparison to the corresponding alumina 

supported catalysts[43] whereas Au/TiO2 showed higher activity over Au/ZrO2 in the CO 

oxidation reaction.[44] The catalytic behavior of gold is however abruptly enhanced for 

particle sizes below about 3 nm, irrespective of the support type.[45] 

Figure 5 represents the reduction of nitrate over Au3%/TiO2-I, Pd3%/TiO2-I, 

Au1.5%Pd1.5%/TiO2-I and Au6%Pd0.2%/TiO2-I. For Pd3%/TiO2-I, the nitrate concentration 

drops in the first 30 minutes by ~70% down to 30 ppm and stabilizes at that value. The 

catalyst is thus more active than the corresponding gold catalyst (Au3%/TiO2-I). Minor 

insignificant amounts of nitrite (0.5 ppm) were detected throughout the reaction. Our 

observation of finding Pd/TiO2 active in the reduction of nitrate is in agreement with 

literature reports. Whereas monometallic palladium catalysts deposited on classical 

supports, such as silica, alumina … etc. are found to be totally inactive in the reduction 

of nitrate, it has been demonstrated that reduced Pd/CeO2 catalysts are active 

achieving a conversion of 33 mmol nitrate/min. gmetal.[46] The promoting effect of the 
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support was attributed to the interaction of nitrate ions with oxygen vacancies in CeO2 

formed upon reduction treatment. This high activity was however accompanied by 

higher ammonium levels.[47] A similar behavior was also observed for TiO2.[47] 

Monometallic palladium supported on SnO2 showed catalytic activity similar to the 

bimetallic systems but with even higher selectivity to dinitrogen.[48] 
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Figure 5: Reduction of NO3

- at 25oC over Au3%/TiO2-I, Pd3%/TiO2-I, Au1.5%Pd1.5%/TiO2-I 
and Au6%Pd0.2%/TiO2/IW, F. RH2= 52 ml/min. 

As for Au1.5%Pd1.5%/TiO2-I, the catalyst is much less active in the first 30 min. of 

reaction than the corresponding monometallic catalysts. The concentration of nitrate 

ion continues however to drop steadily reaching thereby 23 ppm after one hour. The 

end concentration of nitrate is thereafter maintained constant at a level which is slightly 

better than that achieved by Pd3%/TiO2-I. In addition to this slight enhancement in 

activity, Au1.5%Pd1.5%/TiO2-I produces less nitrite (0.3 ppm) than Pd3%/TiO2-I, 

suggesting that alloying has positive effects on the reduction of nitrate. The alloying 

effects are however much more pronounced in the case of Au6%Pd0.2%/TiO2-IW where 

lowest nitrate concentrations of 13 ppm could be achieved in the first 30 minutes of 

reaction without any indication of nitrogen fixation. The nitrite concentration is also the 

lowest in this work with a value of 0.25 ppm. Recent studies have shown superior 

activities of supported alloyed gold–palladium catalysts in different types of reactions 

such as the hydro-dechlorination of chlorofluorocarbons (CFCs)[49] and the 

hydrodesulfurization reactions.[50] Alloying gold with palladium was also found to 

double the catalytic activity in the CO oxidation in comparison with the titania 

supported monometallic palladium catalyst.[51] 
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Conclusion 
Some Pd-containing catalysts supported on TiO2 were prepared, characterized, 

and tested in the reduction of nitrate ions in aqueous solution in the presence of 

hydrogen gas. Pd-Au/TiO2 metal particle size was found to be in the range of 40-50 

nm, and alloying was confirmed.  

All tested catalysts were found to be highly dinitrogen selective in the reduction 

of nitrate ions. Pd-Au/TiO2 catalysts were found to have high selectivity, but slightly 

lower activity than Pd-catalysts. However, incorporation of Au into Pd catalysts has 

improved their selectivity. Au1.5%Pd1.5%/TiO2-I produces lower nitrite concentrations 

than Pd3%/TiO2-I, indicating that alloying has positive effects on the reduction of nitrate. 

The alloying effects were much more pronounced in the case of Au6%Pd0.2%/TiO2/IW 

where fast and high nitrate conversion was achieved without any observable nitrogen 

fixation. 

Acknowledgement 
This work was generously funded by Jordanian Scientific Research Support 

Fund through project ZB/2/28/2008. 

References 
[1] Canter, L. W., Nitrates in Groundwater, CRC Press, Boca Raton, FL, 1996. 

[2] http://reports.eea.eu.int. 

[3] Reddy, K. J., Wyoming Water 1997, Casper, Wyoming, p. 76. 

[4] Jemison, J. M., Water Quality Bulletin, 2002, #7086, University of Maine 
Cooperative Extension. 

[5] United Nations Environment Programme, Global Environment Outlook 3, 
UNEP/Earthscan London, 2002. 

[6] Kapoor, A.; Viraraghavan T. J., J. Environ. Eng., 1997, 123, 371. 

[7] Vorlop, K. D.; Tacke, T., Chem. Ing. Tech., 1989, 61, 836. 

[8] Tacke, T.; Vorlop, K.-D., Dechema Biotechnology Conferences, Part B, Vol. 3, 
VCH, Weinheim, 1989, p. 1007. 

[9] Horlöd, S.; Vorlop, K.-D.; Tacke, T.; Sell, M., Catal. Today, 1993, 17, 27. 

[10] Hähnlein, M.; Prüsse, U.; Horöld, S.; Vorlop, K.-D., Chem. Ing. Tech., 1997, 69, 
90. 

[11] Garron, A.; Lázár, K.; Epron, F., Appl. Catal. B: Environ., 2005, 59, 57. 

[12] Garron, A.; Lázár, K.; Epron, F., Appl. Catal. B: Environ., 2006, 65, 240. 

[13] Gao, W.; Jin, R.; Chen, J.; Guan, X.; Zeng, H.; Zhang, F.; Liu, Z.; Guan, N., 
Catal. Today, 2004, 93-95, 333. 

[14] Mikami, I.; Kitayama, R.; Okuhara, T., Catal. Lett., 2003, 91, 69. 

[15] Sá, J.; Vinek, H., Appl. Catal. B: Environ., 2004, 57, 245. 



36 

[16] Horöld, S.; Tacke, T.; Vorlop, K.-D., Environ. Tech., 1993, 14, 931. 

[17] Pintar, A.; Batista, J.; Levec, J.; Kajiuchi, T., Appl. Catal. B, 1996, 11, 81. 

[18] Batista, J.; Pintar, A.; Ceh, M., Catal. Lett., 1997, 43, 79. 

[19] Mendez, C. M.; Olivero, H.; Damiani, D. E.; Volpe, M.A., Appl. Catal. B: 
Environ., 2008, 84, 156. 

[20] Prüsse, U.; Horöld, S.; Vorlop, K.-D., Chem. Ing. Tech., 1997, 69, 93. 

[21] Tacke, T., Ph.D. Thesis, Technische Universität Braunschweig, Germany, 1991. 

[22] Hähnlein, M. S., Ph.D. Thesis, Technische Universität Braunschweig, Germany, 
1999. 

[23] Prüsse, U., Ph.D. Thesis, Technische Universität Braunschweig, Germany, 
1999. 

[24] Deganello, F.; Liotta, L. F.; Macaluso, A.; Venezia, A. M.; Deganello, G., Appl. 
Catal. B: Environ., 2000, 24, 265. 

[25] Bae, S.; Hamid, S.; Jung, J.; Sihan, Y.; Lee, W., Environmental Technology, 
2015, http://dx.doi.org/10.1080/09593330.2015.1101166. 

[26] Gauthard, F.; Epron, F.; Barbier, J., J. Catal., 2003, 220, 182. 

[27] Horöld, S., Ph.D. Thesis, Technische Universität Braunschweig, Germany, 
1995. 

[28] Strukul, G.; Gavagnin, R.; Pinna, F.; Modaferri, E.; Perathoner, S.; Genti, G.; 
Marella, M.; Tomaselli, M., Catal. Today, 2000, 55, 139. 

[29] Bus, E.; Prins, R.; van Bokhoven, J. A., Catal. Commun., 2007, 8, 1397. 

[30] Shi, H.; Xu, N.; Zhao, D.; Xu, B. Q., Catal. Commun., 2008, 9, 1949. 

[31] Hashmi, A. St. K., Chem. Rev., 2007, 107, 3180, and references therein.  

[32] Bagheri, S.; Julkapli, N. M.; Abd Hamid, S. B., The Scientific World Journal, 
2014, Article ID 727496, http://dx.doi.org/10.1155/2014/727496. 

[33] Bowker, M.; Morton, C.; Kennedy, J., J. Catal., 2014, 310, 10. 

[34] Kaden, W.; Kunkel, W.; Roberts, F.; Kane, F.; Anderson, S., Surface Science, 
2014, 621, 40. 

[35] Standards Methods for the Examination of Water and Wastewater, 20th Edition, 
Ed., Rice, E. W. et al., American Water works Association/ American Public 
Works Association/ Water Environment Federation, 1998. 

[36] Venezia, A. M.; Liotta, L.F.; Pantaleo, G.; La Parola, V.; Deganello, G.; Beck, A.; 
Koppány, Zs.; Frey, K.; Horváth, D.; Guczi, L., Appl. Catalysis A: General, 2003, 
251, 359.  

[37] Pawelec, B.; Venezia, A. M.; La Parola, V.; Cano-Serrano, E.; Campos-Martin, 
J. M.; Fierro, J. L.G., Appl. Surf. Sci., 2005, 242, 380. 

[38] Mfarij, T. R.A., M.Sc Thesis, Chemistry Department, Yarmouk University, Irbid, 
Jordan, May, 2011. 

[39] Park, G.; Oh, H.; Ahn, S., Bull. Korean Chem., 2009, 30, 9. 



37 

[40] Yuan, S-J.; Chen, J-J.; Lin, Z-Q.; Li, W-W.; Sheng, G-P.;  Yu, H.-Q., Nature 
Communications, 2013, 4, Article number: 2249, doi:10.1038/ncomms3249. 

[41] Al-Bedaywi, R. R., M.Sc. Thesis, Preparation and Characterization of Some 
Gold and Silver Catalysts, Yarmouk University, (2010). 

[42] Yuan, Y.; Asakura, K.; Wan, H.; Tsai, K.; Iwasawa, Y., Catal. Lett., 1996, 42, 15. 

[43] Ribeiro, N.F.P.; Mendes, F.M.T., Perez, C.A.C.; Souza, M.M.V.M., Schmal, M., 
Applied Catalysis A: General, 2008, 347, 62. 

[44] Fujitani, T.; Nakamura, I.; Akita, T.; Okumura, M.; Haruta, M.; Angew. Chem. Int. 
Ed., 2009, 48, 9515. 

[45] Lopez, N.; Janssens, T.V.W.; Clausen, B.S.; Xu, Y.; Mavrikakis, M.; Bligaard, T.; 
Nørskov, J.K., J. Catal., 2004, 223, 232. 

[46] Epron, F.; Gauthard, F.; Barbier, J., Catal. Today, 2000, 55, 79. 

[47] Sá, J.; Berger, T.; Föttinger, K.; Riss, A.; Anderson, J.; Vinek, H., J. Catal., 2005, 
234, 282. 

[48] D'Arino, M.; Pinna, F.; Strukul, G., Appl. Catal., 2004, 53, 161. 

[49] Bonarowska, M.; Pielaszek, J.; Juszczyk, W.; Karpinski, Z., J. Catal., 2000, 195, 
304. 

[50] Venezia, A. M.; La Parola, V.; Nicoli, V.; Deganello, G., J. Catal., 2002, 212, 56. 

[51] Guczi, L., Catalysis Today, 2005, 101, 53. 


