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Abstract 

The influence of carbon-carbon bond order, here systematically represented by prototypical 

C2H6, C2H4 and C2H2, on the formation of oxidation products and surface species in the absence 

and presence of NO has been studied for silver-alumina catalysts with different silver loadings (2 

and 6 wt%). The catalysts were prepared with a sol-gel method including freeze-drying, which 

results in small silver species uniformly distributed throughout the alumina matrix. The 

performance of the catalysts was investigated by temperature programmed extinction-ignition 

experiments using a continuous gas flow reactor. The evolution of surface species during 

reactant step-response experiments was studied in situ by diffuse reflection Fourier transform 

infrared spectroscopy.  

The results show that activation for oxidation generally proceeds more easily with increasing 

bond order of the hydrocarbon. For example, C2H2 shows the highest conversion at low 

temperatures. Furthermore, the use of hydrocarbons with high bond order, i.e., C2H2, as 

reductant for lean NOx reduction results not only in the highest peak activity but also in 

considerable high activity in a wide temperature range mainly thanks to high activity at low 

temperature. With increasing silver loading, the oxidation reactions are favored such that both 

the hydrocarbon and NO activation occur at lower temperatures. Several types of adsorbates, 

e.g., carbonate, acetate, formate, enolic and isocyanate/cyanide surface species, are present on 

the catalyst during reaction. Generally the nature of the surface species and likely also the 

surface processes are more influenced by the carbon-carbon bond order than the silver loading. 
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This needs to be considered when designing catalysts for emission control systems. Especially 

for applications using homogeneous fuels with short hydrocarbons, this may provide 

opportunities to tailor the catalyst functionality for the needs at hand. 

 

Key-words: hydrocarbon oxidation, lean NOx reduction, silver-alumina, ethane, ethene, ethyne, 

transient experiments, in situ DRIFTS 
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1. Introduction 

Silver-alumina is a well-known catalyst for epoxidation of ethene to ethene oxide, see e.g. [1] 

and references therein. During the last couple of decades this system has been studied for 

selective catalytic reduction of NOx with hydrocarbons and oxygenates (HC-SCR) [2-11] and 

more recently also with ammonia (NH3-SCR), e.g. [12], as reducing agent. The functionality of 

both the silver and alumina sites is very different in these applications. For epoxidation large 

silver particles on a low surface area alumina is required [13], while in the case of lean NOx 

reduction a highly dispersed silver phase on a high surface area alumina is beneficial or even 

needed [14-16].  

For HC-SCR the Ag/Al2O3 system has been studied extensively. It has for instance been shown 

that very small silver clusters (Agn<8) to a greater extent provide active sites for lean NOx 

reduction with hydrocarbons as compared to larger silver crystallites [17]. Despite the numerous 

studies, the structure and chemical state of silver in such clusters remain elusive. For example 

metallic silver, silver oxides and silver aluminate have all been suggested as the main active 

phase [17, 18]. It has been shown, however, that different forms of oxidized silver species, like 

Ag+, Ag2O or silver aluminate, favor the reduction of NO to N2 [19-22] whereas metallic silver 

particles are more active for oxidation reactions [23-25]. Further, it has been suggested that 

Agn
δ+ clusters are highly active for the HC-SCR process [26], particularly for the activation of the 

reducing agent by partial oxidation [11]. These findings indicate that catalysts, that are active 
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for NOx reduction by hydrocarbons most likely contain highly dispersed ionic, oxidized and/or 

Agn
δ+ silver species.  

Recently Kannisto et al. [15] showed that preparation of silver-alumina catalysts by a sol-gel 

method results in a higher proportion of non-metallic silver, i.e. clusters and/or oxidized silver 

species, as compared to samples prepared by conventional impregnation. Furthermore, by using 

freeze-drying instead of thermal drying of the formed gel, a higher dispersion of the silver can 

be achieved [15]. The authors also show that significant differences in catalytic properties can 

be obtained by varying the silver content. More silver results in catalysts that likely contains a 

higher amount of oxidizing sites, at least when using propene and n-octane as reducing agent 

[15]. 

In the present study the oxidative function of the silver-alumina system in the absence and 

presence of NO is specifically addressed. In particular the influence of the carbon-carbon bond 

order, here systematically represented by prototypical C2H6, C2H4 and C2H2, on the formation of 

surface species and gas phase products is considered for silver-alumina catalysts with different 

silver loading.  
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3. Experimental section 

3.1 Catalyst preparation and characterization 

Two silver-alumina catalysts (2 and 6 wt% Ag) were prepared using a single step sol-gel method 

including freeze-drying of the formed gel, as described by Kannisto et al. [15]. Briefly, aluminum 

isopropoxide (AIP) was added to milli-Q water and heated to 82 oC, subsequently silver nitrate 

(AgNO3) solution was added under continious stirring (Table 1). The pH was adjusted to 4.5 

using HNO3 (10%) and a sol was formed. The sol was stirred for 12 hours and a major part of the 

solvent was then removed under reduced pressure at 35 oC to form a gel. Finally the sol-gel was 

freeze-dried and calcined in air (6 h, 600oC). 

Following the procedure outlined in ref. [15], the as prepared powder samples were coated 

onto monolith substrates (L = 20 mm,  = 25 mm), which were cut from a commercial cordierite 

honeycomb structure (Corning, 400 cpsi). Briefly, the silver-alumina powder was mixed with 

boehmite (Disperal Sol P2; Condea) in a weight ratio of 4:1 and then water (milli-Q) was added 

under vigorous stirring, forming a slurry with a dry content of 20 wt%. The monolith was coated 

by immersion in the slurry. Excess slurry was removed by gently blowing air through the 

channels. The coated monolith was then dried at 90°C for 15 minutes and subsequently calcined 

(500°C, 5 min). The procedure was repeated until catalytic material corresponding to 20% of the 

total weight was deposited on the monolith. The monolith was finally calcined in air for 3 hours 

at 600°C.  
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The specific surface area and the pore-size distribution of the powder samples were determined 

by N2 sorption at 77 K using a Micromeritics TriStar instrument, according to the BET [27] and 

BJH [28] method, respectively. The samples were dried at 200°C in vacuum for 2 hours before 

analysis. The results are summarized in Table 2. 

3.2 Flow reactor experiments 

The catalytic activity for oxidation of hydrocarbons in absence and presence of NOx over the 

samples was studied in a flow reactor system described in detail elsewhere [29, 30]. Briefly, the 

reactor consists of a horizontal quartz tube heated by a heating coil, where the temperature is 

measured by two thermocouples (type K), placed 15 mm before the sample and inside at the 

rear end of the monolith sample, respectively. The inlet gas composition is controlled by 

separate mass flow controllers (Bronkhorst Hi-Tech, lowP) and the outlet gas composition is 

measured by an FTIR analyzer (MKS MultiGas 2030 HS). 

The samples were pretreated with 10% O2 (550°C, 30 min) and then temperature programmed 

experiments (550 → 50 → 550oC, 5oC/min) with 10% O2 and 600 ppm of either C2H6, C2H4 or 

C2H2 were performed. Subsequently, 200 ppm NO was added to the feed gas and the ramp 

experiments were repeated. During all experiments the total gas flow was kept constant at 3500 

ml/min, corresponding to a space velocity (GHSV) of 32000 h-1. 
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3.3 In situ DRIFT spectroscopy 

In situ Fourier transform infrared spectroscopy measurements were performed in diffuse 

reflectance mode (DRIFT) using a Bio-Rad FTS6000 spectrometer equipped with a high 

temperature reaction cell (Harrick Scientific, Praying Mantis) [31, 32]. Gases were introduced to 

the DRIFT cell via separate mass flow controllers (Bronkhorst Hi-Tech, lowP) and the gas 

composition after the cell was probed using a quartz capillary and continuously measured by a 

quadrupole mass spectrometer (Balzers QMS 200). 

The sample was pretreated with 10% oxygen at 500°C for 30 min and then pure Ar at 450°C for 

20 min at a total flow rate of 100 ml/min. Background spectra (60 scans at a resolution of 1 cm-

1) were collected for fresh samples under Ar atmosphere. Step-response experiments were 

subsequently performed at 450°C, where the hydrocarbon (C2H4 and C2H2) and NO supply was 

switched on and off, according to Table 3. IR spectra with 1 cm-1 spectral resolution were 

collected with an acquisition frequency of 0.1 Hz.  

4. Results and discussion 

4.1 Oxidation products and NOx reduction 

The catalytic activity and selectivity for oxidation of hydrocarbons with different carbon-carbon 

bond order (i.e. alkane, alkene and alkyne), both in the absence and presence of NO, over the 
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two catalyst samples were evaluated in flow reactor experiments. The results are summarized in 

Figure 1 and 2. Figure 1 shows the formation of CO and CO2 when C2 hydrocarbons are oxidized 

with O2 over 2 and 6 wt% Ag-Al2O3 catalysts during extinction (cooling) ramp experiments. In 

general the hydrocarbon oxidation proceeds at lower temperatures and results in higher CO2 

formation over the 6 wt% Ag sample as compared to the 2 wt% Ag sample. This is particularly 

evident in the case of C2H4 oxidation, which starts around 350°C over the 6 wt% Ag sample but 

not below 450°C over the 2 wt% Ag sample. For both catalysts, the lowest activation 

temperature is observed for ethyne (C2H2) oxidation, which starts around 270 and 300°C for the 

6 and 2 wt% Ag samples, respectively. The formation of CO and CO2 is also significantly higher 

during oxidation of C2H2 as compared to the other hydrocarbons. The highest temperature for 

oxidation onset is observed for C2H6 and the oxidation pattern is generally similar for both 

catalysts although the CO2/CO ratio is slightly higher over the 6 wt% Ag sample. Over both 

catalysts, trace amounts of formaldehyde (detected less than 5 ppm) were observed for ethyne 

oxidation and minor amounts of methane (less than 5 ppm) were detected for all hydrocarbons.  

Figure 2 shows the NOx reduction, and CO and CO2 formation during oxidation of C2 

hydrocarbons in the presence of NO and excess O2 over the 2 and 6 wt% Ag-Al2O3 catalysts 

during extinction ramp experiments. The NOx reduction pattern is in general similar for both 

catalysts although the temperature windows are shifted to lower temperatures and the 

maximum NOx reduction is slightly lower for the 6 wt% Ag sample. The highest NOx reduction is 

achieved when C2H2 is used as reducing agent, over both catalysts, reaching 87% at 427°C for 

the 2 wt% Ag sample. For both catalysts the C2H2 also shows the widest temperature window 
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for NOx reduction. The maximum NOx reduction for C2H4 and C2H6 is 71% and 81%, respectively, 

over the 2 wt% Ag sample and around 70% over the 6 wt% Ag sample. The temperature 

windows for NOx reduction with these hydrocarbons are similar, showing no significant activity 

below 350 and 400°C for the 6 and 2 wt% Ag samples, respectively.  

The hydrocarbon oxidation profile in the presence of NO is similar for both catalysts, however, 

significantly different compared to oxidation in absence of NO. The activation temperature for 

oxidation of all hydrocarbons is lower over the 6 wt% Ag sample, while the CO formation is 

higher for the 2 wt% Ag sample. Particularly different, as compared to oxidation without NO, is 

the activation of the C2H4 and C2H6 hydrocarbons, which starts at lower temperatures in the 

presence of NO, and the formation of both CO and CO2 is significantly increased. The C2H2 

hydrocarbon again shows the lowest activation temperature for oxidation and follows the same 

trend as without NO, i.e. slightly lower activation temperature for the 6 wt% Ag sample. The 

differences between hydrocarbon oxidation in absence and presence of NO may be explained 

by the fact that formed NO2 and nitrates are stronger oxidants than O2 [31, 33] so that the 

oxidation of hydrocarbons can be promoted. When NO was present in the feed, trace 

concentrations (<5 ppm) of NH3, N2O and HCHO were detected. An interesting feature is that 

the temperature corresponding to the maximum CO formation coincides with the temperature 

for maximum NOx reduction, for both catalysts. This is likely related to the partial oxidation of 

the hydrocarbons, as CO is a product of partial oxidation. It is known that partially oxidized 

hydrocarbons are key intermediates in the SCR process, so the temperature corresponding to 

the maximum formation of partially oxidized hydrocarbons is likely close to the temperature for 
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maximum NOx reduction. Another possibility is that CO itself may act as an intermediate in the 

lean NOx reduction and/or CO preferably reacts with NOx compared to oxygen.  

The flow reactor experiments show that increasing the silver loading, here from 2 to 6 wt%, 

results in a shift of the activation temperature for oxidation of the hydrocarbons, and a shift and 

a broadening of the NOx reduction temperature window. This is probably connected to the 

presence of a higher amount of metallic silver species in the 6 wt% Ag catalyst compared to the 

2 wt% Ag catalyst, facilitating total oxidation in agreement with previous studies [15, 21]. This is 

further supported by the lower CO and higher CO2 concentrations observed for the 6 wt% Ag 

catalyst, compared to the 2 wt% Ag catalyst. The activation of hydrocarbons at low temperature 

accompanied by high NOx reduction ability over the catalysts indicate high distribution of both 

oxidizing (metallic silver, Agn
δ+ clusters) and reducing (such as Ag+, Ag2O) silver species 

throughout the catalytic material. For the 2 wt% Ag-alumina sample UV-vis experiments show 

the presence of isolated silver ions (Ag+) and small silver clusters (Agn
δ+) [34]. However, the 

presence of metallic silver is less certain [34]. Furthermore, the formation of Agn
δ+ clusters 

during SCR conditions has been demonstrated by UV-vis and EXAFS, as reported by e.g. Breen et 

al. [35]. For the small and relatively stable hydrocarbons used in this work rather strong 

oxidation sites are needed in addition to the NO reduction sites.  

From the flow reactor results, the activation of C2 hydrocarbons over the 2 and 6 wt% Ag 

catalysts can be arranged in the order: C2H2 > C2H4 > C2H6. However, the ability for these 

hydrocarbons to act as reducing agents for NOx in excess oxygen follows a different order: C2H2 

> C2H6 > C2H4. One can envisage that the C2H2, apparently being the most easily oxidized, also 



12 
 

will be the most active as reducing agent for NOx reduction. In parallel one would anticipate that 

C2H4 would be a more effective reducing agent for NOx compared to C2H6. However, due to 

steric hindrance as discussed below, the interaction with the catalyst surface may not be the 

most important issue here. Instead this may be an effect of hydrogen, as C2H6 can provide a 

higher amount of hydrogen to the active surface, compared to C2H4, and the silver-alumina 

system is known to benefit from hydrogen addition [36]. 

The C-C bond strength for ethane, ethene and ethyne is 376, 727 and 965 kJ/mol, respectively, 

according to Blanksby and Ellison [37]. It may seem unexpected that ethyne is more easily 

oxidized than ethene and ethane, as the former hydrocarbon has the strongest C-C bond, i.e. a 

triple bond. However, in order to oxidize ethyne (and ethene) the rate determining step is likely 

not to totally break the C-C bond but instead to activate the molecule. This can be compared to 

the epoxidation reaction forming ethene oxide from ethene [38]. The electrons in the pi-bonds 

in ethene and especially ethyne, for which the pi-electron cloud has a cylindrical shape, can 

easily interact with the catalyst surface and thereby form new bonds between the unsaturated 

hydrocarbon and the surface. These surface species are susceptible towards further reactions, 

for example addition reactions with oxygen to form surface oxygenates, which are essential in 

NOx reduction [18]. However, a too high amount of available surface oxygen would lead to 

oxidative cleavage of the hydrocarbon, facilitating formation of CO and eventually complete 

combustion. Contrarily for ethane to form the same type of surface oxygenates, hydrogen 

abstraction is necessary. Thus activation of the C-H bond is important for ethane oxidation. 
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The difference in oxidation between the C2 hydrocarbons can also be discussed in terms of 

steric hindrance. The ethyne molecule, being straight, can easily reach a favorable position on 

the surface. In the case of ethene and ethane this position is more difficult to reach due to steric 

hindrance, where the ethene molecule can interact effectively only in one direction (i.e. in the 

plane parallel to the surface) and the ethane molecule has methyl end-groups resulting in a 

weaker interaction with the catalyst surface. A parallel may be drawn to previous work on 

oxidation of propene and propane [39, 40] and NOx reduction with either propene or propane 

[41] over Pt-based catalysts. These studies showed that propene can easily be oxidized over the 

Pt surface, cleaning the surface from oxygen, while in the case of propane the Pt surface will 

instead be oxygen poisoned, since propane interacts less effectively with the Pt surface. Steric 

effects have also been discussed for C-H bond interaction with the catalyst surface. For instance 

Siegbahn [42] investigated the relation between hydrocarbon activation and C-H bond strength 

for ethyne, ethene and methane and found that for second row transition metals acting as 

catalyst this relation is inverse. Even though ethyne possesses the strongest C-H bond [42, 43] 

among these hydrocarbons, the activation barrier for breakage of this bond is the lowest. This is 

explained by a steric effect, where C-H activation needs the metal, second row transition metal 

in this case, to interact more efficiently in a side way orientation with the C-H bond, which is 

facilitated for the straight ethyne molecule [42]. However, in the present case the C-C bond 

activation is likely more important than the activation of the C-H bond. 

Furthermore, the difference in steric hindrance is largely reflected in the sticking probability. As 

comparative studies on the sticking probabilities of C2 hydrocarbons on silver are rare, we here 
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attempt to discuss this matter generally, based on observations for other systems. It has, for 

instance, been shown that the sticking probability for C2 (C2Hx, x=0-6) hydrocarbons on diamond 

(111) generally decreases as the number of hydrogen atoms in the molecule increases [44]. This 

is caused by an increased reflection of the approaching molecule by shielding due to the higher 

number of hydrogen atoms [44]. A comparison of C2H2 and C2H4 adsorption on Rh(100) shows 

that the sticking probability for ethyne remains almost constant up to a coverage of 

approximately 0.3 ML, while for C2H4 the sticking probability significantly decreases with 

increasing coverage [45]. This implies that incoming ethyne molecules more easily achieve 

sufficient space on the surface to decompose to C=CH, as compared to ethene [45]. In 

conclusion, the hydrocarbon activation is highly dependent on C-C bond strength, steric effects 

and sticking probability. 

4.2 Surface species and reaction mechanisms 

4.2.1 Surface species 

In situ DRIFT spectroscopy measurements were performed in order to follow the evolution of 

surface species, in particular hydrocarbon derived species during oxidation of C2H2 and C2H4 in 

presence and absence of NO. In Table 4 the assignments of IR absorption bands are 

summarized. Figure 3 shows the evolution of surface species in the step-response experiments 

over the 2 and 6 wt% Ag samples at 450°C, with ethene as reductant. When ethene and oxygen 

are introduced to the 6 wt% Ag catalyst (step 1), bands at 1248, 1296, 1459, 1545, 1570, 1588, 

2906 and 2997 cm-1 appear. The bands at 1245, 1296 and 1545 cm-1 are assigned to 
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monodentate and/or bidentate carbonates [46, 47] and the bands at 1459 and 1570 cm-1 are 

attributed to acetate and/or free carboxylate species [21, 48-53]. Alternatively, the bands at 

1296, 1459, 1570 cm-1 may be assigned to acrylate species [48, 54]. The peak at 1588 cm-1 and 

the weak bands at 2906 and 2997 cm-1 (not shown) can be ascribed to formate species [23, 55]. 

For the 2 wt% Ag catalyst, bands at 1250, 1294, 1378, 1391, 1457, 1545, 1588 cm-1 and weak 

peaks at 2906 and 2997 cm-1 were observed. A majority of these bands are similar to the ones 

observed for the 6 wt% Ag catalyst and are assigned accordingly. Interestingly, the bands at 

1378 and 1391 cm-1 are only observed for the 2 wt% Ag sample and may be assigned to formate 

species [21, 23, 48, 52, 55] and/or to acrylate species [48, 54]. 

In step 2, when the ethene supply was switched off, the acetate bands at 1459 and 1570 cm-1 

gradually decrease for both catalysts. After ethene was switched on again (step 3), the acetate 

bands grow and reach similar absorption as in step 1. After adding NO (step 4) new bands at 

1245, 1292, 1378, 1391, 2245 cm-1 appear similarly for both catalysts, while the acetate band at 

1459 cm-1 disappears. The other band of acetate at 1570 cm-1 was not distinguishable, likely due 

to overlapping bands. Bands in the region 1600-1200 cm-1 are attributed to both 

carbonate/carboxylate species and to nitrite/nitrate species (Table 4), which results in several 

overlaps and hence unique assignments are not straight forward. The peaks at 1245 and 1292 

cm-1 are attributed to monodentate and/or bidentate nitrates [7, 16, 56, 57] and the weak band 

at 2245 cm-1 (not shown) is assigned to isocyanate species (-NCO) [55] and/or nitrosonium ions 

(NO+) [54]. The intensity of the formate bands at 1588, 2906 and 2997 cm-1 seems to increase 

for both catalysts during this step, while the intensity of the carbonate bands is rather reduced. 
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Upon switching off the ethene supply (step 5) new bands at 1557 and 1582 cm-1 are observed 

for both catalysts, corresponding to monodentate and/or bidentate nitrate species [7, 16, 56, 

57]. The formate bands gradually decrease and the intensity of the nitrate bands around 1250 

and 1290 cm-1 increases simultaneously.  

Figure 4 shows the evolution of surface species during step-response experiments with C2H2 

over the 2 and 6 wt% Ag catalysts. After introducing ethyne and oxygen to the 2 wt% Ag sample 

in the first step (Figure 4b), several bands that have previously been assigned to carbonate, 

acetate, acrylate and formate species (Table 4) appear at 1298, 1391, 1460, 1539, 1576 cm-1. 

Furthermore, a new band appears at 1354 cm-1, which likely can be ascribed to acetate species 

[52]. For the 6 wt% Ag catalyst, bands at 1298, 1340, 1412, 1460, 1542, 1576 and 1627 cm-1 are 

observed. Some of these bands are assigned previously and the bands at 1340, 1412 and 1627 

cm-1 are assigned to enolic and/or ethyl carbonate species [47, 50, 53, 55, 56]. In addition, some 

minor peaks in the 3000-2900 cm-1 region are observed for both catalysts (not shown), which 

previously have been assigned to formate species [23, 55]. 

Switching off the ethyne supply (step 2) results in reduced intensity for all bands except for the 

band at 1248 cm-1, possibly owing to formation of carbonate species in the presence of oxygen 

[46]. The intensity of the bands in this step, is more reduced for the 6 wt% Ag catalyst compared 

to the 2 wt% Ag catalyst, which likely is due to the presence of more metallic silver particles in 

the 6 wt% Ag catalyst, facilitating the oxidation of surface species. When introducing ethyne in 

step 3, all peaks reappear except for the peak at 1248 cm-1, which diminishes. However, the 

intensity of these bands over the 6 wt% Ag catalyst is lower compared to step 1. When NO is 
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added to the feed gas containing ethyne and oxygen (step 4) new peaks arise at 2124 and 2228 

cm-1 and at 2124, 2151 and 2228 cm-1 for the 6 and 2 wt% Ag catalyst, respectively (Figure 5). 

The peaks at 2124 and 2151 cm-1 are ascribed to cyanide (-CN) species bound to Ag or Al sites 

[21, 23, 55] and the peak at 2228 cm-1 is attributed to isocyanate (–NCO) species attached to Ag 

or Al sites on the catalyst surface [21, 23, 53, 55]. In step 5, after removing ethyne from the feed 

gas, bands at 1248, 1298, 1558 and 1580 cm-1 appear, which previously have been assigned to 

monodentate and/or bidentate nitrates. During this step the intensity of the other bands 

resulting from the ethyne reaction (carboxylates and carbonates) decreases. In addition, a 

shoulder at 2250 cm-1 appears on the peak at 2228 cm-1, after a few minutes on stream in step 

5, this shoulder likely reflects -NCO species bound to Al-sites [55].  

4.2.2 Mechanistic interpretations 

The initial steps in the HC-SCR mechanism are considered to be formation of surface nitrates by 

oxidation of adsorbed NOx and formation of hydrocarbon derived surface oxygenates, such as 

acetate, acrylate, formate, carbonate and enolic species, by partial oxidation of the 

hydrocarbon, see e.g. [18]. The adsorbed hydrocarbon oxygenate species can then react with 

nitrates to form N2 or organo-nitro and -nitrite species (R-ONO and R-NO2), which can lead to 

the formation of –NCO and/or –CN species. These species can further react with nitrates and O2 

to form N2 or can be hydrolyzed by water to form NH3 which, in turn, can react with NOx to 

produce N2 [21, 48, 58]. The details in the reaction path, however, vary in different studies 

because of the difference in reactants, reaction conditions and catalyst type and preparation [7, 

21, 52, 55, 58, 59]. 
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The nature of the surface species formed during hydrocarbon oxidation in this work seems to be 

more dependent on the type of hydrocarbon that is oxidized than on the silver loading of the 

catalyst. Oxidizing ethene in the presence of NO; acetate, formate and carbonates as well as 

nitrate/nitrite are the most abundant surface species, and the evolution of the peaks related to 

these species nearly follows the same trend for both catalysts. When ethyne is oxidized in the 

presence of NO, on the other hand, some peaks evolve that are not observed for ethene. For 

instance, isocyanate and cyanide species are detected over the 2 and 6 wt% Ag catalysts for 

ethyne as reductant, whereas no isocyanate and/or cyanide species are observed when using 

ethene as reductant, except for a very weak band (2245 cm-1), which may also be owing to NO+ 

species [54]. The absence of a peak in DRIFTS experiments can be related to that the actual 

species is not formed during the specific reaction conditions or that the rates of formation and 

consumption of the specific species are equal. The latter seems to apply for the -NCO species 

observed here. Since -NCO surface species (2228 cm-1) are formed and to some extent 

accumulated over the 6 wt% Ag sample in the presence of both C2H2 and NO (step 4) and then 

are consumed when the C2H2 supply is switched off, one can envisage that these species 

actually participate in the reaction. Over the 2 wt% Ag sample this is even more pronounced as 

both -NCO (2228 cm-1) and -CN (2151, 2124 cm-1) species are formed in the presence of C2H2 

and NO. When the C2H2 supply is switched off, the -CN species diminish while the -NCO peak 

simultaneously increases, and after this the –NCO peak decreases again. This likely reflects a 

transformation of -CN to -NCO surface species followed by consumption of the –NCO species. 

The IR peaks presented in Figure 5 are very small compared to the IR peaks in Figures 3-4 (about 

one tenth in intensity), which emphasize the dynamics of these surface species, suggesting that 
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they may be reaction intermediates rather than spectators. When C2H4 is oxidized (over both 

samples) in the presence of NO (step 4) a weak peak around 2245 cm-1 is formed. This peak 

increases slightly when the C2H4 supply is switched off (step 5). Considering this peak to be 

related to -NCO species, one would anticipate a consumption of –NCO species during step 5, in 

particular since water is present (formed) during both step 4 and 5, and -NCO species are readily 

hydrolyzed with water forming amine species [60]. Since the 2245 cm-1 peak slightly increases 

instead we conclude that this peak likely is due to NO+ species [54]. It is thus probable that the 

main reduction mechanism for ethene does not follow the reaction path via -NCO and -CN 

species, but instead proceeds through reduction of adsorbed nitrates by acetate and/or formate 

surface species. However, for both hydrocarbons, more surface species seem to be formed over 

the 6 wt% Ag catalyst as compared to the 2 wt% Ag catalyst. This can be related to the presence 

of more metallic silver particles in the 6 wt% Ag catalyst, which results in more facile activation 

of the hydrocarbons, and thus formation of more oxygenated hydrocarbon surface species. 

An interesting feature in the DRIFTS experiments is the formation of formate. Arranging the 

experiments based on the formate-to-acetate ratio after 10 min (step 4), the following order is 

obtained: 2 wt% Ag-C2H4 > 6 wt% Ag -C2H4 > 2 wt% Ag -C2H2 > 6 wt% Ag -C2H2. As discussed 

previously, the 6 wt% Ag catalyst is more active for oxidation reactions than the 2 wt% Ag 

catalyst. Furthermore, C2H2 is a more easily activated hydrocarbon that is oxidized at lower 

temperatures compared to C2H4. Therefore, the formate-to-acetate ratio order (above) is 

inversely related to the ability whereby the catalyst can oxidize the hydrocarbon. This indicates 

that the probability of formate formation decreases as the oxidation ability of the hydrocarbon 
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increases. This is further supported by the fact that formates can readily be formed from CO 

insertion into surface hydroxyls [61]. Hence, the formate formation can, at least partly, be 

related to the formation of CO, which is generally higher for the 2 wt% Ag sample. In other 

words, the tendency towards formation of formate surface species increases in less active 

reaction systems (i.e. less active hydrocarbon and less active catalyst for oxidation).  

Shimizu et al. [50] have studied spectroscopically the SCR reaction over Ag-Al2O3, using n-octane 

as reducing agent, and reported bands at 1340, 1412 and 1627 cm-1. These bands were assigned 

to carbonate species, which can cause poisoning according to the authors [50]. In our work 

these bands are observed only for ethyne over the 6 wt% Ag sample. The NOx reduction is 

significantly lower for this sample as compared to the 2 wt% Ag sample (for ethyne). Hence, the 

lower NOx reduction over the 6 wt% Ag catalyst may be related to the poisoning effect of 

carbonate species. On the other hand, the peaks at 1340, 1412 and 1627 cm-1 have also been 

attributed to enolic surface species [58], using C2H5OH as reductant for NOx over Ag/Al2O3. 

These results indicate that acetate species are predominant at high temperatures (500–600 °C), 

while enolic species become dominant at low temperatures (200–400 °C) [58]. Further, the 

authors claim that the enolic surface species are more reactive in the formation of -NCO and -

CN species compared to acetate. Our results imply that -NCO and -CN species are mainly formed 

when ethyne is used as reducing agent and a higher amount is formed/accumulated over the 6 

wt% compared to the 2 wt% Ag sample. However, due to overlapping of several of the IR bands, 

the origin for the formation of e.g. -NCO and -CN species is less certain. Enolic species may be 

one option since these peaks are observed in particular for the 6 wt% Ag sample with ethyne 
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and the highest amount of -NCO and -CN species is observed for this sample. Still the same 

peaks have also been assigned to carbonate surface species. Furthermore, in step 5, after 30 

min, no traces of any enolic species can be observed, while both acetate and -NCO bands 

indicate that these species still remain on the catalyst surface. Therefore, another route for 

formation of -NCO species via surface acetates is also possible. Alternatively, the presence of -

NCO species in step 5 can be an indication of accumulation of surface species from previous 

reaction steps.   

5. Concluding remarks 

A systematic study of the influence of carbon-carbon bond order (C2H2, C2H4 and C2H6) and silver 

loading (2% and 6%) on the formation of partial oxidation products and lean NOx reduction 

performance over silver-alumina catalysts is presented. Flow reactor experiments show that the 

highest activity for hydrocarbon oxidation and lean NOx reduction is achieved when C2H2 is 

oxidized in the presence of NO. This is in accordance with the stronger interaction between 

ethyne and the metal surface, owing to the easily accessible pi-electrons, a favorable molecular 

orientation and higher sticking probability for C2H2 compared to the other C2 hydrocarbons. For 

the studied hydrocarbons, the temperature window for NOx reduction is broadened and shifted 

towards lower temperatures as the C-C bond order increases. Increasing the silver loading from 

2 to 6 wt% is favorable for the oxidizing reactions, leading to activation of both hydrocarbons 

and NOx at lower temperatures.  
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Generally in this study, the type of hydrocarbon seems to have a larger impact on the nature of 

the formed surface species and likely also on the surface processes, than the silver loading. The 

6 wt % Ag catalyst shows higher formation of surface species, owing to the presence of more 

metallic silver particles, than the 2 wt% Ag catalyst. For instance the formation of acetate, 

compared to formate, seems to be governed by a reactive hydrocarbon and a catalyst with 

more oxidizing sites, while the opposite is valid for formate formation. However, to receive 

good NOx reduction performance both oxidizing and reducing sites are vital. 

As demonstrated in this work the type of hydrocarbon determines the type of surface species 

formed during oxidation reactions. This needs to be considered when designing catalysts for 

emission control systems for different hydrocarbons, e.g. alternative fuels. In particular for 

homogeneous fuels with short hydrocarbons, like methanol, ethanol, dimethyl ether and 

methane, this work indicates that it may be possible to tailor the catalytic system at hand.  
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Tables 

 

Table 1. Nominal silver content and amount of precursor used in the sample preparation. 

Sample 
Nominal Ag 

content (wt%) 
AIP (g) AgNO3 (g) 

2wt% Ag-Al2O3 2 19.63 0.16 

6wt% Ag-Al2O3 6 18.85 0.47 
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Table 2. Specific surface area and pore size distribution of the prepared samples. 

Sample Specific 

surface 

area 

[m2/g] 

Total 

pore 

volume 

[cm3/g] 

BJH 

absorption 

cumulative 

pore 

volume 

[cm3/g] 

Absorption 

average 

pore width 

[Å] 

BJH 

absorption 

average pore 

diameter [Å] 

BJH desorption 

average pore 

diameter [Å] 

2wt% Ag-

Al2O3 

193 0.25 0.24 52 46 40 

6wt% Ag-

Al2O3 

184 0.22 0.21 47 42 37 
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Table 3. Gas composition during the different steps in the step-response experiment sequence. 

Step C2H4 or C2H2 (ppm) NO (ppm) O2 (vol %) 

1 600 0 10 

2 0 0 10 

3 600 0 10 

4 600 600 10 

5 0 600 10 
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Table 4. Summary of observed peaks with relevant literature references. 

Surface species Wavenumber (cm-1) System Ref. 

CHO species    

Bidentate carbonate 1620-1530, 1270-1250 

1680-1530, 1440-1320 

Me/oxide 

Me/oxide 

[46] 

[47] 

Monodentate 

carbonate 

1530-1470, 1370-1300 

1550-1480, 1410-1340 

Me/oxide 

Me/oxide 

[46] 

[47] 

Formate 1590, 1390, 1378 

3005, 2910, 1595, 1390, 1380, 1375 

1390, 1376 

1392, 1377 

Al2O3 

Al2O3, 

Ag/Al2O3 

Al2O3 

Ag/Al2O3 

[51] 

[23, 55] 

[52] 

[21, 48] 

Acetate 1580-1570, 1465-1460 

1570, 1466, 1394 

1590-1550, 1465, 1355 

Ag/Al2O3 

Ag/Al2O3 

Al2O3 

[50-52] 

[53] 

[52] 

Acetate or free 

carboxylate species 

1576, 1458 Ag/Al2O3 [21, 48, 49] 

Acrylate species 1645, 1570, 1455, 1392-1378, 1297 Ag/Al2O3 [48, 54] 

(Ethyl) carbonate 1630, 1412, 1340 

1626, 1412, 1336 

Ag/Al2O3 

Ag/Al2O3 

[55] 

[50] 

Enolic species 1633, 1416, 1336 Ag/Al2O3 [56] 
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1630, 1412, 1333 Ag/Al2O3 [53] 

NOx species    

Monodentate nitrate 1530-1480, 1290-1250 

1560, 1558, 1556, 1550, 1297, 1250, 

1245 

Me/oxide 

Ag/Al2O3 

[57] 

[7, 16, 56] 

Bidentate nitrate 1565-1500, 1300-1260 

1590, 1586, 1585, 1304, 1298, 1295, 

1248 

Me/oxide 

Ag/Al2O3 

[57] 

[7, 16, 56] 

Bridging nitrate 1650-1600, 1225-1170 

1615, 1614 

Me/oxide 

Ag/Al2O3 

[57] 

[7, 16, 56] 

Nitrosonium ion (NO+) 2311-2237 Ag/Al2O3 [54] 

-NCO / -CN species    

-NCO 2255 (Al(VI)-NCO), 2228 (Al(IV)-NCO) 

2232 (Ag+-NCO) 

2230 

2229 

Ag/Al2O3 

Ag/Al2O3 

Al2O3, 

Ag/Al2O3 

Ag/Al2O3 

[55] 

[21] 

[23] 

[53] 

-CN 2155, 2127 

2162, 2130 

2135 

Ag/Al2O3 

Ag/Al2O3 

Al2O3, 

Ag/Al2O3 

[55] 

[21] 

[23] 
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Figure captions 

Figure 1. Formation of CO and CO2 during temperature programmed extinction experiments 

with C2H2 (circle), C2H4 (square) and C2H6 (triangle) over Ag/Al2O3 catalyst with (a) 6 wt% and (b) 

2 wt% nominal silver content. Inlet gas composition: 600 ppm C2 hydrocarbon, 10% O2, Ar 

balanced. GHSV: 32 000 h-1. 

Figure 2. Formation of CO, CO2 and reduction of NOx during temperature programmed 

extinction experiments with C2H2 (circle), C2H4 (square) and C2H6 (triangle) over Ag/Al2O3 

catalyst with (a) 6 wt% and (b) 2 wt% nominal silver content. Inlet gas composition: 200 ppm 

NO, 600 ppm C2 hydrocarbon, 10% O2, Ar balanced. GHSV: 32 000 h-1 

Figure 3. Evolution of surface species during step response experiments with C2H4 recorded in 

DRIFTS at 450°C over Ag/Al2O3 catalyst with (a) 6 wt% and (b) 2 wt% nominal silver content, 

after 1 min (red), 2 min (pink), 3 min (purpule), 4 min (blue), 5 min (light blue), 10 min (green), 

20 min (light green) and 30 min (black) gas exposure. Inlet gas composition: step 1: C2H4+O2; 

step 2: O2; step 3: C2H4+O2; step 4: C2H4+NO+O2; step 5: NO+O2. Contents: 600 ppm NO, 600 

ppm C2H4, 10% O2, Ar balanced. 

Figure 4. Evolution of surface species during step response experiments with C2H2 recorded in 

DRIFTS at 450°C over Ag/Al2O3 catalyst with (a) 6 wt% and (b) 2 wt% nominal silver content, 

after 1 min (red), 2 min (pink), 3 min (purpule), 4 min (blue), 5 min (light blue), 10 min (green), 

20 min (light green) and 30 min (black) gas exposure. Inlet gas composition: step 1: C2H2+O2; 
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step 2: O2; step 3: C2H2+O2; step 4: C2H2+NO+O2; step 5: NO+O2. Contents: 600 ppm NO, 600 

ppm C2H2, 10% O2, Ar balanced. 

Figure 5. Evolution of surface species during step response experiments with C2H2 recorded in 

DRIFTS at 450°C over Ag/Al2O3 catalyst with (a) 6 wt% and (b) 2 wt% nominal silver content, 

after 1 min (red), 2 min (pink), 3 min (purpule), 4 min (blue), 5 min (light blue), 10 min (green), 

20 min (light green) and 30 min (black) gas exposure. Inlet gas composition: step 4: C2H2+NO+O2 

and step 5: NO+O2. Contents: 600 ppm NO, 600 ppm C2H2, 10% O2, Ar balanced. 

 

 


