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Abstract 

Sulfur-containing deposits form on a monolithic V2O5-WO3/TiO2 (VWT) catalyst during 

SCR-DeNOx with NH3 at 473 and 523 K and pressures up to 500 kPa in the presence 

of SO2 with sulfate contents of 1.7 to 13.0 wt.-%. Using TGA and DRIFTS, these 

deposits are determined to be mainly NH4HSO4 for SCR temperatures > 523 K. At 

lower temperatures, (NH4)2SO4 is formed. The thermal stability of NH4HSO4 supported 

on different transition metal oxides including V2O5, WO3, TiO2, MoO3 and Al2O3 varies 

with decomposition temperatures from 620 to 820 K. Using DFT calculations, it is show 

that the thermal stability of supported NH4HSO4 is mainly determined by hydrogen 

bonding of the HSO4
- anions with the metal oxide surface. Increasing electronegativity 

of the metal atoms of the support oxide leads to weakening of the S-O bonds in the 

HSO4
- anions and to lower decomposition temperatures of the supported NH4HSO4. 
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1. Introduction 

 

During the past decades, the selective catalytic reduction (SCR) of NOX using NH3 as 

a reducing agent has evolved into a state-of-the-art means for NOX-emission control 

in heavy-duty diesel engine applications [1]. Using V2O5-WO3/TiO2-type (VWT) 

catalysts, high NOX removal efficiency is achieved over a wide range of operating 

conditions [2]. More recently, the pre-turbine setup was introduced. In this setup, the 

catalytic converter is placed upstream of the turbine of an exhaust gas turbo charger. 

Thus, the catalytic converter can be operated at elevated pressures of up to 500 kPa 

[3–6]. The operation of the SCR catalyst at elevated pressure can enhance the 

efficiency of the NOX removal process and can save catalytic material, thus increasing 

cost and space efficiency. However, side reactions such as the formation of SO3 or the 

parasitic NH3-oxidation can also be accelerated [7–9]. Especially for heavy-duty diesel 

engines, the oxidation of SO2 to SO3 becomes a major issue. Above all, the formation 

of sulfur-containing deposits such as (NH4)2SO4 and NH4HSO4 can be formed from 

SO3, H2O and NH3 present in the exhaust gas [10–15]. These sulfur-containing 

deposits can lead to blocking of the surface, the pores or even the channels of the 

catalyst, resulting in reduced NOX removal efficiency and damage of the exhaust 

aftertreatment system [16,17].  

The deactivation of VWT catalysts due to sulfate formation as well as the resistance of 

VWT catalysts against sulfur poisoning was broadly addressed [18–24]. Operation 

conditions leading to the formation of sulfur-containing deposits and operation windows 

avoiding the formation of these deposits have been investigated, too [18,21,25–32]. 

Nevertheless, Zhu et al. [33] have shown, using temperature-programmed 

decompositions experiments, that the NH4HSO4 loaded on different supports 

decomposes at different temperatures depending on the type of support material. 

Moreover, these authors have reported that TiO2 as a support leads to a higher 

decomposition temperature than that of the unsupported NH4HSO4. These results 

were confirmed by Li et al. [34], who investigated the decomposition of NH4HSO4 on 

different activated carbons. In addition, both Zhu et al. [33] and Li et al. [34] found that 

NH3 formed from decomposition of NH4HSO4 can react with NO from the gas phase to 

molecular nitrogen. The overall reaction rate of this reaction is directly linked to the 

decomposition temperature of NH4HSO4 as proven by temperature-programmed 

surface reaction experiments [33,34].  
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Furthermore, (NH4)2SO4 can be converted with NO to NH4HSO4 [16]. Besides this 

conversion, (NH4)2SO4 can decompose directly to NH4HSO4 under evolution of NH3 

[35,36]. Both the reaction of (NH4)2SO4 with NO and its thermal decomposition may be 

the reason that in most studies only NH4HSO4 deposits on VWT catalysts are reported 

after operation under SCR conditions, even though formation of (NH4)2SO4 is possible 

[25,37–40].  

In addition to experimental data, also computational methods were applied to 

understand the behavior and interaction between different catalysts and catalyst 

poisons [41,42]. For instance, Du et al. [43] calculated the binding energies of different 

alkali metals to the active sites of V2O5-type catalysts. Thus, the poisoning strength of 

different alkali metals was explained with potassium being the most potent poison 

within the alkali metals. Broclawik et al. [44] calculated the binding interaction of water 

with surfaces of V2O5 and WO3 and concluded that a mixed oxide of V2O5 and WO3 

will enhance the binding strength of water to the surface compared with the single 

oxides. 

Despite the reports on sulfate formation, reactivity and thermal stability on a wide 

variety of support materials and catalysts, a systematic investigation on the influence 

of the tree main components of VWT catalysts, i.e., V2O5, WO3, TiO2, on the thermal 

stability of NH4HSO4 and the nature of its interaction with the surface of the oxides is 

not available. The aim of this study was, first, to study the nature of the sulfur-

containing deposits formed on VWT catalysts during SCR-DeNOx in the presence of 

SO2 including elevated pressures. Another goal was to investigate the thermal stability 

of NH4HSO4 supported on VWT catalysts and on its oxide components. For that 

purpose, thermogravimetric analysis and DRIFTS experiments were applied to 

understand the different interactions of NH4HSO4 with the components of a VWT 

catalyst, i.e., V2O5, WO3, and TiO2, respectively, in comparison with other transition 

metal oxides used as or catalysts and catalyst supports for SCR-DeNOx. To provide 

further insight into the nature of the interaction of NH4HSO4 with different metal oxides, 

experimental spectroscopic data were compared to those calculated by the DFT 

method. 
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2. Experimental Section 

 

2.1 Deposition of NH4HSO4 

NH4HSO4 (98.5 wt.-%, Roth) was deposited by impregnation on a commercial 

monolithic VWT catalyst (as used in a previous study [7]), V2O5 (99.8%, Roth), WO3 

(99%, Aldrich), TiO2 (HombiKat UV 100, Aldrich; anatas phase), MoO3 (99.98%, Roth), 

Al2O3 (99%, Roth), and on a physical mixture of V2O5, WO3, and TiO2 (labeled as VWT-

mixture, obtained by mixing and grinding of V2O5 (2 wt.-%), WO3 (10 wt.-%) and TiO2 

(88 wt.-%)). To 1 g of material to be impregnated 10 mL of a 2.5 mg mL-1 (0.217 mol L-

1) solution of NH4HSO4 (98.5%, Roth) in deionized water was added dropwise under 

mixing at room temperature followed by drying in ambient air at 363 K over night [33]. 

 

2.2 Gas phase poisoning and catalytic experiments 

Gas phase poisoning and catalytic experiments were conducted in a laboratory 

synthetic exhaust gas test bench as described elsewhere [7]. For all experiments, the 

commercial monolithic VWT catalyst (300 cpsi, 10 x 10 channels, 10 cm length) was 

used. For poisoning experiments, SO2 was added to the feed gas and the overall time-

on-stream was 14 h. Catalytic experiments were conducted consecutively at 473 and 

523 K at stationary state (30 min on-stream). Sample codes and conditions for gas 

phase poisoning and catalytic experiments are given in Table 1. For the sample PT150, 

10 channels were removed from the catalytic monolith for characterization. The 

catalyst with the remaining 9x10 channels was then used for the catalytic experiment. 

 

Table 1: Sample code and reaction conditions of gas phase poisoning (PT) and for catalytic experiments (gas hourly 
space velocity GHSV, reaction temperature T, reaction pressure p and concentration c of the feed gas 
components NO, NH3, O2, H2O and SO2)). 

sample code GHSV 

/ h-1 

T 

 / K 

p 

/ kPa 

c(NO) 

/ ppm 

c(NH3) 

/ ppm 

c(O2) 

/ vol.-% 

c(H2O) 

/ vol.-% 

c(SO2) 

/ ppm 

PT1 60,000 523 100 500 500 8 5 250 

PT5 60,000 523 500 500 500 8 5 250 

PT150 60,000 423 100 500 500 8 5 250 
         

catalytic experiment 60,000 473, 523 100 1000 1000 8 5 0 

 

2.3 Characterization 

All samples generated by gas phase poisoning were analyzed for sulfur content using 

optical emission spectrometry with inductively coupled plasma (ICP-OES, Optima 

8000, PerkinElmer). Before characterization, the catalyst monoliths were cut into three 
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pieces of equal length (for labelling, catalyst front: –E, middle: –M, exit: –X), grinded 

into powder and dissolved (30 mg sample dissolved in 4 mL aqueous HF, HNO3 and 

HCl solution in a microwave oven). The sulfate content (in wt.-%) was calculated from 

the sulfur content assuming that sulfur is present as sulfate only. The sulfate content 

of the commercial VWT catalyst was calculated as an average of the sulfate content of 

the three catalyst pieces.  

 

2.4 Diffuse reflectance infrared spectroscopy (DRIFTS) 

DRIFTS experiments were carried out using a Bruker Vector 22 fitted with an in-situ 

diffuse reflectance cell (Specac) and ZnSe as the IR-window. All spectra were collected 

at a resolution of 4 cm–1 by accumulation of 100 scans. For each experiment, the 

sample was mixed with KBr (Uvasol, Merk) in a mass ratio of 5:95, finely grinded, 

placed into the cell, and dried for 12 h at 423 K under N2-flow (200 mL min-1). The 

spectrum of pure KBr was used as the background. 

 

2.5 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was conducted in an STA409 instrument from 

Netzsch by heating 25 – 50 mg sample in a stream of N2 (70 cm3 min–1) to 873 K with 

10 K min–1. During TGA the evolving SO2 was continuously analyzed by mass 

spectrometry (QMG 421, Pfeiffer & Balzer) at m/z = 64. 

 
2.6 Density Functional Theory studies 

All density functional theory (DFT) calculations were performed with the ADF code 

using hybrid B3LYP functional [45–47]. The different metal oxides (V2O5, TiO2, MoO3) 

were treated with TZP basis set (for WO3 ZORA-TZP was used). All geometries were 

fully optimized. As starting geometries, clusters containing two metal atoms, which 

were in agreement with the literature, were generated from the respective bulk systems 

[43,44,48]. Oxygen dangling bonds were saturated with hydrogen to compensate the 

charge. (NH4)3(HSO4)2
+, based on the known crystal structure, was used as the staring 

geometry representing the NH4HSO4 as the best compromise between calculation time 

and accuracy. This also prevents the decomposition of NH4HSO4 to NH3 and H2SO4. 

Calculations were performed on the bonding states, electronegativities, and the Bader 

critical point analysis [49]. Based on optimized structures, the vibrational spectra were 

calculated using ADF. 
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3. Results and Discussion 

 

3.1 Gas phase poisoning and catalytic activity 

To investigate the poisoning effect of SO2 from the gas phase, a commercial VWT 

catalyst was exposed to a synthetic exhaust gas mixture containing SO2. As shown in 

Figure 1, the VWT catalyst after gas-phase poisoning reveals an increased sulfate 

content compared to the fresh catalyst. The sulfate content found in the fresh VWT 

catalyst results from the manufacturing process. Comparing the gas phase poisoned 

samples, the sulfate formation is mainly governed by the temperature rather than the 

pressure during poisoning. Thus, the highest sulfate content of 13.0 wt.-%  was found 

for PT150 poisoned at 423 K, whereas PT1 and PT5, poisoned at 52223 K, exhibit a 

much lower sulfate content of 2.4 wt.-% and 1.7 wt.-%, respectively. Higher pressure 

does not result in a higher sulfate content of the catalyst as can be seen from the lower 

sulfate contents of sample PT5 than of sample PT1. A higher sulfate content could be 

expected due to the shift in thermodynamic equilibrium towards solid sulfate formation 

as well as due to the increased residence time of the gas mixture on the catalyst at 

higher pressure (at constant GHSV). Note, however, that the sulfate formation took 

place not only on the catalyst, but also in other parts of the catalytic apparatus. This 

effect was more pronounced at elevated pressure, leading to more sulfate deposition 

upstream rather than on the catalyst for PT5 with respect to PT1.  

Note also, that the NOX-conversion in the catalytic experiments is lower for higher 

sulfate content deposited on the catalyst (Figure 1). This is in good agreement with the 

literature and can be explained by blocking of pores and catalytically active sites due 

to sulfur-containing deposits [20,50]. 
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Fig. 1: Sulfate content and NOX-conversion for fresh and gas phase poisoned commercial VWT catalyst samples 
(poisoning and reaction conditions as in Table 1). 

 

3.2 Diffuse Reflectance Infrared Spectroscopy 

DRIFTS spectra were recorded for the VWT catalysts after gas phase poisoning to 

identify the nature of the sulfur-containing deposits. In Figure 2, the spectra of 

NH4HSO4 and the VWT catalyst PT150-E with the highest sulfur content (cf. Fig. 1) are 

shown. Intense bands between 3500 and 2250 cm-1 and at around 1400 cm-1 indicate 

the presence of NH4
+ species on the catalyst surface. Bands at 1220, 1132, 1058, 1042 

and 974 cm-1 can be attributed to SO4
2- and HSO4

- species [18,28,29]. 
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Fig. 2: DRIFTS spectra of NH4HSO4 and of the VWT catalyst PT150-E after catalytic experiment at 523 K. 
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Therefore, the detected deposits on the surface of the VWT catalyst after gas phase 

poisoning can be assigned to NH4HSO4. Similar bands are also observed for the 

catalysts after gas-phase poisoning with SO2.at 523 K, i.e., PT1-E and PT5-E (not 

shown). However, as shown in Figure 3 (a), the spectra of the catalyst PT150-E before 

and after the catalytic experiment differ. Since also the spectra of NH4HSO4 and 

(NH4)2SO4 differ (Figure 3 (b), in agreement with literature [51]), they can be used to 

identify the different sulfates. For PT150-E before the catalytic experiment, no 

characteristic bands for NH4HSO4 are observed (Figure 3 (a)). Accordingly, mainly 
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Fig. 3: DRIFTS spectra of PT150-E before and after the catalytic experiment at 423 K as well as NH4HSO4 (a) 
and of NH4HSO4 and (NH4)2SO4) (b). 
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(NH4)2SO4 was deposited during gas phase poisoning. Consequently, the (initially 

formed) deposits must have been changed during the catalytic experiments, even 

though they were carried out at a maximum temperature of 523 K, i.e., clearly below 

the decomposition temperature of (NH4)2SO4 [35]. This can be explained by the 

reaction of (NH4)2SO4 with NO under SCR reaction conditions at temperatures below 

523 K as reported in several earlier studies [28–30,33]. Therefore, NH4HSO4 was used 

as a model substance for sulfur-containing deposits in all further experiments in this 

study. 

In the DRIFTS spectra of V2O5, WO3 and TiO2 impregnated with NH4HSO4 (Figure 4) 

the band assigned to NH4
+ at around 1400 cm-1 is observed. Also, bands around 

1000 cm-1, which can be assigned to HSO4
+, are detected, although at different 

intensity and at different wavenumbers. This suggests that the interaction between 

NH4HSO4 and the surface is different for the three oxides. A further interpretation or 

assignment of the observed bands is, however, not possible due to the complexity of 

the spectra. Nevertheless, the DRIFTS experiments unambiguously show that 

NH4HSO4 is present on all three metal oxides and that they interact with the deposited 

NH4HSO4 in different ways. 
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Fig. 4: DRIFTS spectra of NH4HSO4 on V2O5, WO3 and TiO2. 

 

3.3 Thermogravimetric Analysis 

In order to further understand the interaction of the deposited sulfate species with oxide 

surfaces, TGA experiments were carried out for gas phase poisoned or NH4HSO4-
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impregnated samples. In Figure 5, the SO2 evolution during TGA for the gas phase 

poisoned VWT catalysts PT1-E and PT5-E as well as for an NH4HSO4-impregnated 

VWT catalyst are shown. For all three catalysts, the maximum SO2 evolution is 

observed at 695 K. This again confirms that NH4HSO4 is a suitable model substance 

for sulfur-containing deposits formed in the presence of SO2 under SCR reaction 

conditions. In addition, the signal intensities at maximum SO2 evolution are comparable 

for the three catalysts, thus indicating comparable amounts of deposited NH4HSO4. 

However, due to chemical reactions between SO2 and the metal oxides forming 

surface sulfates, the absolute intensities of the SO2 evolution signals will not be 

discussed here [52,53]. 
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Fig. 5: Intensity of the MS-signal for m/z = 64 as a measure of SO2-evolution during TGA of gas phase poisoned 
(PT1-E, PT5-E) and NH4HSO4-impregnated samples (NH4HSO4/VWT). 

 

The thermal decomposition of NH4HSO4 when loaded on different metal oxides and on 

a VWT catalyst occur at distinctly different temperature (Figure 6). The decomposition 

of NH4HSO4 on V2O5 progresses in different steps, as already reported before [33]. 

According to this literature report, the decomposition temperature of NH4HSO4 

supported on V2O5 and TiO2 is higher than for the pure, unsupported salt as also 

observed here (NH4HSO4 decomposes completely with a maximum of differential 

weight loss during TGA at 473 K). 

To get a deeper insight into the role of the different metal oxides included in a VWT 

catalyst, a mixture of WO3, V2O5 and TiO2 in comparable weight fractions as found on 

VWT catalysts was prepared and loaded with NH4HSO4. The decomposition of 
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NH4HSO4 on this mixture occurs in a similar temperature range as would be expected 

from the calculated weighted average of the single components, although not as a 

direct superposition of the contributions of the three oxides (Figure 7). However, this 

temperature range is significantly higher (maximum at 773 K) than that for the 

commercial VWT catalysts loaded with NH4HSO4 or the gas phase poisoned samples 

(695 K, cf. Fig. 5). A potential explanation is that the destabilizing effect of WO3 on 

NH4HSO4 is incorrectly represented in the oxide mixture. 
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Fig. 6: Differential weight loss as a function of temperature during TGA of NH4HSO4 on different metal oxides. 
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Fig. 7: Intensity of the MS-signal for m/z = 64 as a measure of SO2-evolution during TGA on NH4HSO4 loaded on 
the VWT-mixture in comparison to the weighted sum (based on mass fraction of V2O5, WO3 and TiO2 in 
commercial VWT) of the metal oxides. 
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Figure 8 shows exemplary results of the TGA experiments for the gas phase poisoned 

catalyst PT150-E before and after the catalytic experiment. The main difference 

between TGA profiles of the two catalysts is the weight loss below 573 K. During the 

TGA experiment, no SO2 evolution was detected for temperatures below 573 K on both 

samples. The weight loss is, therefore, assigned to the thermal decomposition of 

(NH4)2SO4 to NH4HSO4 accompanied by NH3-evolution, which is in a good agreement 

results from the DRIFTS experiments above (cf. section 3.2.) and with the literature 

[35].  
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Fig. 8: Differential weight loss during TGA of the gas phase poisoned sample PT150-E before and after the 
catalytic experiment. 

 

3.4 Calculations via Density Functional Theory 

Based on the starting geometries from crystal structures, the most stable geometries 

for the systems (NH4)3(HSO4)2
+, NH4HSO4/WO3, NH4HSO4/V2O5 and NH4HSO4/TiO2 

were calculated using the ADF software package [45–47]. In addition, topological 

analyses of the electron densities (Bader analyses) were performed for all investigated 

models. The resulting geometries and bonding maps resulting from Bader analysis are 

shown in Figure 9. It can be stated that the NH4HSO4 is mainly stabilized by hydrogen 

bonds, whereby the bonding interaction between the two HSO4
- over one H-atom is 

crucial for the overall stability (Figure 9(a)), since the calculation of the most stable 

geometry of NH4HSO4 starting from only one NH4
+ and one HSO4

- results in the 

formation of NH3 and H2SO4. This was not the case for NH4HSO4 placed near a metal 

oxide, which could be explained by the stabilization of either the NH4
+ or the HSO4

- by 
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hydrogen bonds formed with the OH-groups of the oxides, as shown in Figures 9 (b) - 

(d). However, the comparison of the geometries and bonding interactions of the 

NH4HSO4/metal-oxide systems clearly indicate significant differences in the 

interactions between the HSO4
- and the surrounding species. Assuming stabilizing 

effects on the HSO4
- of these bonding interactions, one can estimate qualitatively the 

thermal stability of the NH4HSO4 on different metal oxides according to the degree of 

interaction of the HSO4
- with the surrounding species. Thus giving an increase in 

thermal stability of NH4HSO4 depending on the metal oxide in the order of 

WO3 < V2O5 < TiO2. However, it is not possible to estimate the thermal stability of pure 

NH4HSO4 compared to the NH4HSO4/metal-oxide systems, since the stabilizing effect 

of the interaction between two HSO4
--ions is not accounted for in the NH4HSO4/metal-

oxide systems.  

 

Fig. 9: Final geometries and bonding maps for (a) NH4HSO4, (b) NH4HSO4/WO3, (c) NH4HSO4/V2O5 and (d) 
NH4HSO4/TiO2 (H: white, N: blue, O: red, S: yellow, Ti: grey, V: orange, W: green). 

 

Besides the hydrogen bond interactions between the NH4HSO4 and the metal oxides, 

for the TiO2 based system, some additional interactions can be identified. As can be 

seen from Figure 9(d), there are direct interactions between one O-atom of the HSO4
- 

and one Ti-atom, one O-atom from a Ti-OH-group and the N-atom of the NH4
+, 

respectively. Especially the interactions between the O-atom from the HSO4
- and the 

TiO2 is an indication of the formation of surface sulfate groups, as reported in previous 

(a) 

(b) (c)

) 

 
( a )  
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studies [10,12,23,54]. This strong interaction between the HSO4
- and the TiO2 further 

confirms the stated higher thermal stability compared to the WO3 or V2O5 based 

systems. 

Based on the calculated geometries, for all systems, the vibrational spectra were 

calculated for both the share of the NH4
+ and the HSO4

- (Figure 10). All calculated 

spectra are in good agreement with the experimental data with respect to the expected 

absorption bands. This means, for the spectra calculated for the NH4HSO4 all bands 

predicted by DFT calculation can be assigned to the bands found in the experimental 

spectra, even though the band intensities are somewhat overestimated for the NH4
+ 

species. The same holds true for NH4HSO4/WO3, NH4HSO4/V2O5 and NH4HSO4/TiO2. 

From this, we conclude that the geometries obtained from the calculations are 

representative for the geometries of the sulfates formed on the oxides discussed 

above. This further strengthens the conclusion that NH4HSO4 is a good model 

substance for the sulfur-containing deposits formed on VWT-type catalysts under SCR 

conditions in the presence of SO2.  

Furthermore, the differences in thermal stability of NH4HSO4 on the investigated oxidic 

materials is mainly governed by the hydrogen bonding interactions between the HSO4
- 

and the metal oxide, whereby a higher degree in stabilizing interactions leads to an 

increase in thermal stability. However, some HSO4
--related bands in the calculated 

spectra exhibit a significant blue shift compared to the experimental data. This is most 

evident for the TiO2-based system (Figure 10(b)). This blue shift could be an indication 

of an overestimation of the strong interaction between the O-atom of the HSO4
- and 

the metal oxide by the formation of surface sulfate groups. As stated in the literature 

[12,54], this surface sulfate groups form at temperatures above 653 K, whereas the 

DRIFTS experiments were performed at 423 K. Therefore, neither the sample 

preparation nor the conditions during DRIFTS experiments can account for the surface 

sulfate formation.  
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Fig. 10: DRIFTS experiments and calculated vibrational spectra from DFT for (a)(a) NH4HSO4, (b) NH4HSO4/TiO2, 
(c) NH4HSO4/V2O5, (d) NH4HSO4/WO3 (experimental data – black, calculated share of NH4

+ - blue, 
calculated share of HSO4

- - red) 

To further support the agreement between DFT calculations and our experimental 

data, the concept of substrate support interaction based on electronegativities was 

used. According to various works available in the literature, the electronegativity of the 

metal atom in the metal oxide governs the reactivity of the supported species [55]. 

However, up to date, this was mainly investigated with respect to the activity of 

supported catalytically active materials, i.e., V2O5, in different test reactions such as 

the oxidation of hydrocarbons [56–58]. In this context, the electronegativities of the 

metal atoms in the used metal oxides were calculated and correlated with the listed 

values from the Pauling scale. Al2O3 was selected as a lower-end reference material. 

MoO3 was used as additional reference material filling the gap between V2O5 and WO3. 

In addition, MoO3 is also used as a promoter in vanadia-type SCR catalysts and, as 

such, is of interest in this context [17]. To calculate the electronegativites, Bader 

analysis was used. Regarding the absolute values, one has to keep in mind that the 

employed approach was designed for investigating the in-molecule electronegativities 

in organic molecules [49]. Figure 11 shows the correlation between the calculated 
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electronegativities of the metal atom in the free metal oxide and the electronegativities 

listed in the Pauling scale. As can be seen, the qualitative agreement between listed 

and calculated values is sufficiently good to differentiate between the different metal 

oxides. However, the calculated electronegativities represent the values within the 

whole system. As such, the values differ whether or not the metal oxide is loaded with 

NH4HSO4, while the qualitative correlation stays the same. For the loaded metal 

oxides, the electronegativity values are lower in comparison to the values of the 

unloaded material (Figure Error! Reference source not found.). In addition, the 

electronegativities of the S-atoms of the NH4HSO4 were calculated. As can be seen 

from Figure Error! Reference source not found., for increasing electronegativity 

values of the metal atom, the electronegativity decreases for the corresponding S-

atom. This points at a direct interaction between the metal oxide and the NH4HSO4 in 

a way that electron density is transferred to the S-atom, thus weakening the S-O-

bonds. Such an interaction is consistent with the decreasing decomposition 

temperature of the NH4HSO4 with increasing electronegativity of the corresponding 

metal atom. A similar effect was already suggested by Qu et al. [30], who state that the 

transfer of electron density from the metal oxide to the S-atom enhances the reducibility 

of the S-atom thus decreasing the thermal stability of NH4HSO4 loaded on metal 

oxides.  
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Fig. 11: Listed (Pauling) and calculated electronegativities of the metal atom in the free metal oxide (not loaded 
with NH4HSO4). 
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Fig. 12: Electronegativity of the metal atoms and sulfur atoms for the metal oxides (TiO2, V2O5, Al2O3, WO3, MoO3) 
loaded with NH4HSO4 as a function of the corresponding decomposition temperature of the NH4HSO4 
determined by TGA (see Figure 6). 

 

4. Conclusions 

The formation of sulfur-containing deposits formed on VWT-type catalysts during SCR-

DeNOx with ammonia at elevated pressure in the presence of SO2 is strongly enhanced 

at low reaction temperatures. Higher reaction pressure also leads to increased deposit 

formation due to higher concentrations of SO2 and O2 as well as higher residence time 

of the gas phase on the catalyst. Using DRIFTS and TGA experiments, the formed 

sulfur-containing deposits were shown to be mainly NH4HSO4 as long as the reaction 

temperature during SCR is above 523 K. At lower temperature, (NH4)2SO4 is formed. 

At higher temperatures, (NH4)2SO4 reacts with NO from the gas phase under NH3 

release forming NH4HSO4. NH4HSO4 is, therefore, a suitable model substance to study 

the interaction of sulfur-containing deposits formed on oxidic SCR-DeNOx catalysts at 

typical application temperatures and pressures. 

The thermal stability of NH4HSO4 strongly depends on the type of metal oxide used as 

support and strongly varies from 620 to 820 K. As supported by DFT calculations using 

Bader analysis, the stability of supported NH4HSO4 is predominantly governed by 

hydrogen bonding of the hydrogen sulfate anions with the metal oxide surface. 

Increasing electronegativity of the metal atoms in the support oxide weakens the S-O 

bonds of the hydrogen sulfates leading to lower NH4HSO4 decomposition 

temperatures. These insights can directly be applied to design catalysts with enhanced 

stability towards as well as facilitated removal of sulfur-containing deposits. 

[Wecken Sie das Interesse 

Ihrer Leser mit einem 

passenden Zitat aus dem 

Dokument, oder verwenden 

Sie diesen Platz, um eine 

Kernaussage zu betonen. Um 

das Textfeld an einer 

beliebigen Stelle auf der Seite 

zu platzieren, ziehen Sie es 

einfach.] 
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