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Abstract 35 

NH3-SCR is the best available technology for NOx abatement from power plant, incinerators, 36 

gasifiers, and a well-established technology for on board NOx emission control; in the last 40 years, 37 

the reaction mechanism and kinetics have been deeply investigated, but the understanding of the 38 

nature of surface intermediates and rate determining steps is still object of a lively discussion. A major 39 

factor, though, has been largely neglected in the scientific literature, that is the presence of HCl in the 40 

flue gases generated by coal, biomass and plastics.  In this work, the effect of HCl on NH3-SCR over 41 

V2O5 catalysts was investigated through combined kinetic analysis and operando FTIR. 42 

Unexpectedly, after HCl-doping, the catalyst intrinsic activity of a commercial catalyst increased by 43 

a factor of 5. Besides, it was found that while the NH3 surface coverage is little affected by HCl-44 

doping, the chemisorption capacity of NO+O2 undergoes a remarkable promotion that scales with the 45 

promotion of the reaction rate. The HCl-effect provided thus an indirect but unambiguous piece of 46 

evidence that NO-activation by an O-species is a key rate controlling step of NH3-SCR.    47 

 48 
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1. Introduction 61 

NH3-SCR (Selective Catalytic Reduction) is the best available technology for the abatement 62 

of nitrogen oxides emitted by power plants, stationary and marine diesel engines and other energy 63 

conversion systems based on the combustion or gasification of coal, biomass, organic waste and 64 

plastics [1-8]. The technology is now being deployed also in light and heavy-duty diesel vehicles.   65 

Ternary V2O5-MoO3(WO3)/ TiO2 formulations represent the catalysts of choice in stationary 66 

applications but their use in on-board deNOx units is also widespread in Asian countries, such as 67 

China.  Despite an over 40-years-long history of studies, the mechanism and kinetics of NH3-SCR on 68 

V are still discussed and fertile soil of new findings [9-19]. Remarkably, a major factor, relevant in 69 

stationary applications, has been largely neglected (with very few exceptions [20-22, 26]) in the 70 

scientific literature, that is the presence of HCl in the flue gases. Novel studies from Perez-Ramirez’s 71 

group and others have shown the tendency of several metal oxides, including TiO2, and redox oxides 72 

like V2O5, to combine with HCl; which suggests possible implications for the SCR reaction [23-25]. 73 

Recently, the effect of HCl on the SCR activity of a MnCe catalyst was studied and a permanent 74 

deactivation was found due to volatilization of Mn [26]. However, commercial V-based SCR catalysts 75 

are designed to operate stably under HCl-containing flue gases. 76 

The presence of HCl in the flue gases and its interaction with the V-based catalysts is 77 

unanimously recognized as the key behind the chemistry of the so-called mercury oxidation on SCR 78 

catalysts, a reaction of great interest because of the growing concern and emerging stringent 79 

regulations on Hg emissions from stationary power plants; across the SCR reactor, mercury is subject 80 

to combined oxidation and chlorination, highly desirable since the product HgCl2 is more easily 81 

removed from the flue gases by means of conventional wet scrubbers downstream from the SCR unit. 82 

Recent DFT and kinetic studies have proposed the formation of chlorinated V-species [27-33].  83 

Experience and theory thus confirm the ability of V-catalysts to bond and release Cl species from 84 

gas-phase HCl but what is the effect of V-HCl interaction on the chemistry and kinetics of NH3-SCR 85 

is still unknown. Within a more extended kinetic investigation on Hg/HCl/O2/NO/ NH3 reacting 86 
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systems, we were driven into this long-overlooked aspect. Experiments were performed over a 87 

proprietary V2O5/MoO3/TiO2 catalyst and a model V/TiO2 catalyst where HCl-doping was obtained 88 

by pre-impregnation. Transient activity tests and operando FT-IR experiments provided novel pieces 89 

of evidence on the kinetics of NH3-SCR. In particular, the breakthrough evidence on the kinetic 90 

relevance of NO oxidative activation was clearly obtained. 91 

The interaction of NOX with V-sites has been discussed in the broad literature of standard and 92 

fast NH3-SCR in close relation with the redox nature of the catalytic cycle; a debate is still open.   93 

Koebel et al. first showed that the powerful oxidizing property of NO2 enhanced the kinetics of the 94 

oxidation step of the redox cycle (V4+ V5+) and could explain the promoted kinetics of the fast SCR 95 

[34-37]. Similarly, surface nitrite/nitrate intermediates have been proposed to behave as enhancers of 96 

V4+ re-oxidation in the standard SCR by Arnarson et al. (based on DFT calculations) and by Beretta 97 

et al. (based on kinetic evidence) [38,9]. Concerning the reduction step, it is well known that the 98 

seminal studies by Ramis et al. [1,4,13] and Topsoe et al. [14,15,39] have proposed (based on 99 

spectroscopic results) the kinetic relevance of NH3 partial oxidation to a surface N2- species.  Instead, 100 

Tronconi and co-workers have proposed the rate controlling role of NO adsorption over an oxidized 101 

site with formation of a surface N3+ species, able to rapidly react with adsorbed NH3 and produce N2, 102 

leaving a reduced site V4+ [40]. Recent studies investigated the promotion of low-temperature SCR 103 

by using Ce-modified V-based catalysts and have addressed the role of surface NOX and nitrates 104 

(whose storage is largely promoted by CeO2 sites) in the reaction mechanism [41- 48]. Brückner and 105 

coworkers [41] found that Ce1-xTixO2 supports were as active in NH3-SCR, as in the formation of 106 

nitrates from gaseous NO+O2, however the involvement of adsorbed NO* intermediates was 107 

excluded when V was added (since no nitrate formation was observed over V-containing catalysts at 108 

200°C). Instead, Li and coworkers [42, 43] confirmed the promoting effect of the VOx-Ce interaction, 109 

associating it to the largely favored formation of surface NOX species.  110 
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The present work aims at contributing to the presently open debate on the kinetics of NH3-111 

SCR on V-based catalysts, whose deep comprehension can lead to new formulations able to enhance 112 

the low-temperature NOx conversion. 113 

 114 

2. Materials and methods 115 

2.1 Experimental 116 

Catalyst samples - SCR experiments were performed over a proprietary Johnson Matthey 117 

V2O5/MoO3/TiO2 commercial catalyst developed for coal-fired power plants and combined biomass-118 

coal-fired power plants; the same catalyst formulation was the object of previous studies [9, 33]. Prior 119 

to testing, the catalyst was pre-treated in flowing air at 450°C in a packed-bed reactor. 120 

 HCl-doping was obtained by impregnation with an aqueous solution of HCl (IWI method, 121 

details in Supplementary Material). After drying at 110°C, the concentration of HCl deposited by this 122 

methodology was estimated by ICP analysis at 35-40 µmol/gcat. 123 

Both doped and undoped catalysts were sieved (140-200 mesh) to obtain powders for the 124 

kinetic investigations in a lab-scale packed-bed reactor. 125 

A 2%V/TiO2 model catalyst was also used, as such and impregnated with HCl with ratio 126 

V/HCl=1.  127 

Lab-scale apparatus for the kinetic investigations – The SCR activity and temperature 128 

programmed tests were performed in a micro fixed-bed reactor, consisting of a quartz tube (with 9 129 

mm ID). The catalytic bed was diluted with quartz particles (140-200 mesh). Above the catalytic bed 130 

an additional bed of inert quartz granules (10-14 mesh) was loaded to obtain uniform flow distribution 131 

and preheating of the inlet stream. The reactor was placed in an electric-oven and the temperature 132 

was controlled by a type K thermocouple placed in the catalytic bed. A Pfeiffer Vacuum ThermoStar 133 

mass spectrometer was connected to the exhaust gases to continuously analyze the products.  134 

NH3-SCR activity tests were performed over the HCl-VMoTi catalyst by an initial 135 

adsorption/stabilization phase with flowing NH3= 320 ppm, NO= 300 ppm and O2= 3% in He at 136 
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150°C, followed by a temperature ramp from 150 to 400°C (5°C/min). After 3 hours of hold at 400°C, 137 

the reactor was cooled down and a second run was then repeated over the same sample with the same 138 

procedure.  139 

The NO-TPSR were performed over HCl-VMoTi catalyst and the reference VMoTi catalyst 140 

after NH3 pre-adsorption at 100°C (NH3=500 ppm, 90 minutes). A ramp under NO=100 141 

ppm+O2=1000 ppm was then run from 100°C to 450°C (5°C/min). A second run was repeated on 142 

each sample. 143 

The NO+O2 adsorption/desorption tests were performed over HCl-VMoTi and over the 144 

reference VMoTi catalyst. After the initial storage phase under flowing NO=100 ppm and O2=1000 145 

ppm in He at 100 °C of 2 hours, a temperature ramp was then run from 100 to 400°C (5°C/min). 146 

Steady state NH3-SCR activity tests were performed over the HCl-doped and undoped VMoTi 147 

commercial sample and binary 2%V/TiO2 model catalyst with flowing NH3= 320 ppm, NO= 300 148 

ppm and O2= 3% in He. 149 

Additional details on the procedure and operating conditions of each experiment (catalyst 150 

load, bed dilution, total flow rate) are given in the Supplementary Material. 151 

Operando FT-IR tests– The NOx and NH3 storage capacity was investigated over the HCl 152 

treated 2%V/Ti catalyst and over the reference 2%V/Ti catalyst. The catalysts in the form of self-153 

supported disks of ca. 15 mg were placed in a heated IR reactor cell (ISRI Infrared Reactor, Granger, 154 

IN, USA) working under flowing gases. NO and NH3 adsorption were carried out at ambient 155 

temperature with NO (1000 ppm) in He + O2 (3%, v/v) or 500 ppm of NH3/He for 30 minutes, 156 

respectively. Additional details on the experimental apparatus and procedures are reported in the 157 

Supplementary Material and elsewhere [49].    158 

2.2 Packed-bed reactor model 159 

A steady state model of the plug flow micro-reactor has been reported elsewhere [9] and 160 

therein applied to the development of redox kinetics of NH3-SCR, accounting for several 161 

compositional effects. The model consists of the differential mass balances of the reacting species 162 
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and accounts for the possible contribution of intra-porous mass transfer limitations. In this work, the 163 

same model was used as a simple tool for data analysis and estimation of the intrinsic activity. At this 164 

scope, the simplifying assumption of pseudo-first order kinetics was done, such that the model 165 

reduces to the mass balance of the species NO.  All the details of the model and its use for the estimate 166 

of the kinetic constants are reported in the Supplementary Material. 167 

 168 

3. Results  169 

SCR activity tests - Figure 1 reports the results of two consecutive dynamic NH3-SCR 170 

experiments over a HCl-impregnated sample. 171 

[Figure 1] 172 

 In the first run, the reaction onset was observed at about 150°C; NO conversion grew with 173 

temperature with an activation energy of 92 kJ/mol (Figure S1) and turnover rates by far higher than 174 

those of the undoped catalyst. Above 275°C, NO conversion grew only moderately, then flattened at 175 

about 95% and finally decreased down to 83% during the 3-hours hold at 400°C. The high 176 

temperature loss of activity can be easily explained by the loss of HCl via desorption in the gas phase: 177 

this was indeed confirmed by a TPD experiment carried out over the HCl-doped VMoTi catalyst in 178 

flowing 0.5% O2 in He (Figure S2), showing the release of HCl above 200°C. 179 

Then, after cooling the catalyst, a second run was started with the same flow conditions: the 180 

conversion curve appeared shifted by about 50°C, and is representative of the behavior of a HCl-free 181 

catalyst sample. In fact at 400°C the same conversion of 83% was observed during the second ramp. 182 

The experiment revealed the formidable promotion of the reaction by HCl addition; at 225°C, 183 

the intrinsic rate constant increased by a factor of 5 as shown by the Arrhenius plot of pseudo-first 184 

order kinetic constants in Figure S1. 185 

Additional experiments were performed to follow the loss in the catalyst activity at high 186 

temperature due to the loss of HCl. Starting from the HCl-doped VMoTi catalyst at 350°C, Figure S3 187 

shows that the NO conversion decreases from over 90% down to about 70% in 4 hours on stream 188 
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(blue squares), eventually reaching the activity of the fresh catalyst (red squares). Then, upon 189 

decreasing the temperature of the HCl-doped VMoTi catalyst, the reactivity of the doped and undoped 190 

samples are superimposed. 191 

 192 

NO+O2-TPSR tests - NO+O2-TPSR (Temperature Programmed Surface Reaction) with 193 

flowing NO and O2 in He after NH3 pre-adsorption at 100°C were also performed on both the HCl-194 

doped catalyst and the undoped catalyst. The whole procedure is described in detail in the 195 

Supplementary Material. This kind of experiments allows to identify the onset of the reaction and 196 

quantify the amount of reacted NH3 from the surface. Therefore, the comparison between the NO+O2-197 

TPSR tests on catalysts with and without HCl allows to measure simultaneously the effect of HCl on 198 

both the reaction rate and the NH3-storage capacity.  The results are reported in synthetic form in 199 

Figure 2 and in detailed form in Figure S4.   200 

[Figure 2] 201 

Both the undoped and the HCl-doped catalysts were subject to two consecutive experiments; 202 

Figure 2 reports for brevity the results of the first run over the undoped catalysts (the second ramp 203 

was identical), and the two consecutive runs over the HCl-doped catalyst. Over both doped and 204 

undoped catalysts, NH3 desorption occurred as soon as the temperature ramp started, the 205 

concentration was maximum at about 250°C and then decreased rapidly with increasing temperature 206 

(Figure S4). Concerning NO consumption and N2 formation (Figure S5), these started around 150°C 207 

in the first ramp over the HCl-doped catalyst: NO conversion grew rapidly, peaked at 70% at about 208 

270°C, then extinguished as soon as the NH3 coverage dropped. In the repeated experiment (second 209 

ramp in Figure 2, black curve), the onset of NO conversion was observed at 200°C with significantly 210 

lower initial rate; the overall consumption was also significantly lower. The comparison reported in 211 

Figure 2 (black line vs red line) reveals that these features are the same as those of the undoped 212 

catalyst, a further confirmation that the high temperature desorption of HCl leaves unchanged the 213 

surface of the catalyst and that the presence of HCl produced the important promotion of the reaction. 214 
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The integral consumption of NO amounted to 105 µmol/gcat over the HCl-doped catalyst and 215 

51 µmol/gcat over the undoped catalyst; by considering also the overall desorption of NH3 during the 216 

experiments, it was estimated that NH3 coverage amounted to about 270 µmol/gcat (at 100°C) on both 217 

HCl-doped and undoped catalyst. Which cannot explain the dramatic promotion of the reaction rate.  218 

A simple quantitative analysis was performed over the low-temperature range of the TPSR 219 

curves (where the absence of any stoichiometric limitation by ammonia can be assumed). Pseudo-220 

first order kinetic constants were estimated for the undoped and the HCl-doped catalyst, as detailed 221 

in the Supplementary Material (Figure S6); the analysis confirmed the estimate of an activation 222 

energy of 92 kJ/mol in the range 150-250°C and a promotion factor by over 550% after HCl doping.  223 

The effect of HCl doping was investigated also on a binary model 2% V/TiO2 catalyst. 224 

Reference steady-state NH3-SCR experiments were first performed over the undoped catalyst under 225 

similar operating conditions as those used for the ternary commercial catalyst; a remarkable increase 226 

of the intrinsic activity was found (compared with the commercial catalyst), as expected for the large 227 

V-content. The temperature range of the experiments was thus limited to an upper value of 280°C. 228 

The binary catalyst was also impregnated with HCl and experiments were repeated over the HCl-229 

doped catalyst; a remarkable increase of the activity was found, as documented in figure S7. 230 

It was thus concluded that the interaction of HCl with the V-TiO2 system is the key behind 231 

the observed performance of the ternary catalyst, despite the complex formulation of the commercial 232 

catalyst, that, together with the MoO3 component typically includes several additives that convey 233 

structural and mechanical stability.  234 

NOx storage experiments - To further study the origin of the paramount effect on the DeNOx 235 

activity, pieces of evidence on the effect of HCl on the adsorption/activation of reactants were 236 

searched by dedicated experiments in the packed bed reactor (commercial catalyst) and in an 237 

operando FT-IR cell (model catalyst). 238 
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Figure 3 reports the results of experiments of NO+O2 adsorption at 100°C over the ternary 239 

commercial catalyst, followed by temperature ramp (under flowing NO + O2). The procedure is 240 

described in detail in the Supplementary Material.  241 

[Figure 3] 242 

Negligible adsorption and desorption of NO were observed over the undoped catalyst at 243 

100°C (red line in Figure 3). Indeed, the negligible NO adsorption capacity of V-catalysts is well 244 

known and is the evidence behind the kinetic formalism of the Eley-Rideal rate expression, commonly 245 

adopted to describe the process [41, 50-52]. Instead, surprisingly, a significant NO peak was observed 246 

after the adsorption phase for the HCl-doped catalyst. NO desorption started at 150°C, peaked at 247 

about 200°C and extinguished at about 230°C. The temperature range involved in the desorption are 248 

the clear evidence of the existence of chemisorbed NO species and since the experiment was 249 

performed in the presence of O2, we herein infer that the chemisorbing site was a surface O* or OH* 250 

species. The experiment thus reveals that more abundant adsorbed NO species were formed after the 251 

HCl-doping.  252 

Further support was obtained by operando FT-IR experiments over a model 2% V/TiO2 253 

catalyst with and without HCl-doping. Experiments were performed over the binary catalyst in order 254 

to maximize the sensitivity. After a mild drying treatment in O2/He flow, a NO+O2 in He stream was 255 

admitted to the IR cell. Figure 4 shows the evolution of the spectra collected during 30 minutes from 256 

the reactant inlet.  257 

[Figure 4] 258 

Panel (a) refers to the undoped catalyst, while panel (b) refers to the HCl-doped 2%V/TiO2 259 

sample. In both cases the progressive accumulation of NOx surface species occurred. According to 260 

the literature the main formation of different kind of surface nitrates (i.e. bridging, bidentate and 261 

monodentate nitrates) was observed in the 1650-1450 and 1300-1200 cm-1 regions [13,53,54]. 262 

Moreover, the presence of minor amounts of surface nitrites with both nitro and nitrito structures 263 

cannot be excluded because of their strong overlapping with nitrates. However, the intensity of signals 264 
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obtained over the HCl-doped sample was significantly higher than that of the undoped catalyst. The 265 

perturbation of the fundamental vanadyl (at about 1028 cm-1) and of the overtone (about 2045 cm-1, 266 

see insert in the Figure) were significantly more intense over the chlorinated catalyst, in line with the 267 

increased amounts of NOx adsorbed [55,56].  268 

NH3 adsorption experiments were also performed in the FTIR apparatus; spectra were 269 

collected during the first 30 minutes after injection of the NH3 containing stream. As reported in 270 

Figure S8, peaks representative of NH3 adsorbed over Bronsted and Lewis acid sites were observed, 271 

but no appreciable difference between the undoped and HCl-doped samples were visible. This 272 

suggests that the surface acidity was not significantly modified by the presence of HCl. 273 

 274 

4. Discussion 275 

The bulk of data herein presented demonstrate a powerful promoting effect of HCl addition 276 

on the SCR reaction. The overall coverage and strength of adsorption of NH3 did not change 277 

significantly after HCl doping; instead, an unexpected increase of the low temperature adsorption of 278 

NO in the form of nitrates was observed over the HCl-doped catalyst. The stored nitrates decompose 279 

upon heating, thus restoring gas-phase NO.  280 

Notably, the same nitrate species are also formed over the undoped catalyst, but the storage is 281 

exalted in the presence of HCl. We thus speculate that the NO adsorption and activation has a role in 282 

the SCR reaction, and that the presence of HCl affects the NO interaction and reactivity with the 283 

active V sites. It is interesting to observe that the formation of nitrates from gas phase NO and O2 and 284 

the reversible decomposition of nitrates to NO is the demonstration that nitrogen can travel through 285 

a reversible pattern between N2+ to N5+. Within this pattern, the true reactive species is formed, i.e. 286 

an intermediate whose oxidation state suitably matches and balances the reduced state of nitrogen in 287 

the ammonia-derived adsorbed species (an amide species with state N2- according to the conclusions 288 

of Topsoe [14,15,39] and Busca et al.[1,13] studies, or an adsorbed ammonia with state N3- according 289 
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to Tronconi et al.[40]), although based on the present experiments we cannot speculate on the exact 290 

nature of such intermediate. 291 

The redox nature of the reaction cycle has been recently confirmed in the literature, using 292 

operando characterization techniques, DFT, modeling and traditional experiments [9,38,52,57-60]. 293 

By means of dynamic experiments and time-resolved spectroscopic studies with isotopically labelled 294 

molecules, Wachs and coworkers have further proposed the kinetic relevance of NH3 activation [2, 295 

61]. The experiments herein reported show instead the kinetic relevance of NO activation, which 296 

conclusion is not necessarily contradictory with Wachs’ proposal. In fact, also Wachs and coworkers 297 

confirmed that NH3 alone cannot be the reducing agent in NH3-SCR, while the combined NO/NH3 298 

mixture shows a synergistic reducing effect, as clearly demonstrated also by Ferri et al. [52].  299 

We can speculate that adsorbed HCl interacts with V=O, giving rise to the formation of highly 300 

active Cl-V-OH sites as proposed by He et al. and Yang et al. [22,25]; such sites could favor the 301 

adsorption of NO and its transformation into an oxidized species that boosts the low temperature SCR 302 

activity. In the case of CeO2-promoted VOX catalysts, Hu et al. have identified such a species as 303 

HONO [62] 304 

 305 

5. Conclusions 306 

This work reports the results of a focused experimental campaign, which demonstrated the 307 

promoting effect of HCl doping on the DeNOX performance of a commercial V/Mo/Ti catalyst.  308 

Besides, it was found that HCl doping greatly enhances the adsorption of NO + O2, while it increases 309 

only moderately the NH3-storage. Thus, indirectly, the HCl effect (by perturbing the reacting system) 310 

also demonstrates that NO activation is truly kinetically limiting and passes through an oxidative 311 

adsorption.  312 

The implications of the present results may be very important, spanning from the 313 

improvement of SCR catalysts formulations based on the concept that oxidative adsorption of NO is 314 

needed, to the development of catalysts and processes for NOx adsorption and release. Further 315 
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research is needed to identify the nature of the NO-adsorption site and of V-HCl interaction by the 316 

combination of characterization, transient and steady state experiments. 317 

 318 

 319 

 320 

Notation 321 

𝑉𝑀𝑜𝑇𝑖 = V2O5/MoO3/TiO2 commercial catalyst 322 

HCl − VMoTi = HCl-doped V2O5/MoO3/TiO2 commercial catalyst 323 

𝐻𝐶𝑙 − 2%𝑉/𝑇𝑖 = HCl-doped 2%V/TiO2 binary model catalyst, nominal ratio V:HCl=1 324 

𝐼𝑊𝐼 = incipient wetness impregnation 325 

𝐼𝐷 = internal diameter of the quartz tube reactor [mm] 326 
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Captions 508 

Figure 1 – NO conversion in NH3-SCR activity tests over HCl-doped catalyst (120 mg). Total flow 509 

rate = 236 Nml/min. Composition: 300 ppm NO, 320 ppm NH3, 3% O2, balance He. Temperature 510 

ramp = 5°C/min up to 400°C; 3.5 h hold at 400°C. 511 

Figure 2 – NO conversion during NO+O2-TPSR after NH3 saturation on HCl-doped V/Mo/Ti catalyst 512 

(two consecutive experiments) and undoped catalyst. Catalyst = 80 mg. Total flow rate = 200 513 

Nml/min. Composition: 100 ppm NO, 1000 ppm O2 in He. T-ramp = 5°C/min. 514 

Figure 3 – NO concentration during the temperature ramp, after 2 hours adsorption at 100°C. Catalyst 515 

= 200 mg, total flow = 200 Nml/min. Composition: 100 ppm NO, 1000 ppm O2. Temperature ramp 516 

= 5°C/min. 517 

Figure 4 – Differential FTIR spectra collected under flowing NO+O2 at 25°C. (a) undoped catalyst, 518 

2%V/TiO2; (b) HCl-doped catalyst, 2%V/TiO2. Composition: 1000 ppm NO, 3% O2 in He. The insert 519 

shows the 2000-2100 cm-1 wavenumber range.   520 
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Catalyst samples 653 

The commercial V2O5-MoO3/TiO2 is a JM proprietary catalyst used in several long-term applications 654 

including coal-fired power plants, and combined biomass-coal power plants (with typically more than 10% of 655 

water, 1-50 ppm of HCl). 656 

The catalyst was received in the form of slabs cut from the commercial plates. The catalyst layer was 657 

removed from the metal net, crushed and calcined in situ at 450°C under air flow of 200 Nml/min. The catalyst 658 

was impregnated with HCl by Incipient Wetness Impregnation method with a solution of 2.31mol/l prepared 659 

from a commercial concentrated HCl solution (37% solution in water, Acros Organics) and the resulting 660 

powders were dried overnight at 110°C in oven. ICP analysis showed a content of Cl of 0.12-0.13% (w/w). 661 

The catalyst with HCl is indicated in this work as “HCl-VMoTi”, while the reference catalyst as “VMoTi”. 662 

A binary model catalyst 2%V/TiO2 was prepared by IWI of TiO2 (Tronox DT-51 anatase) with a 663 

solution of ammonium metavanadate (NH4VO3), oxalic acid and water (stirred at 80°C to ensure the complete 664 

dissolution of the salt). Impregnated powders were dried overnight at 100°C and calcined at 500°C for 2 h in 665 

air. The HCl impregnation was obtained by applying the same procedure as the VMoTi catalyst. The binary 666 

catalyst with HCl is indicated in this work as “HCl-2VTi”, while the reference catalyst as “2VTi”. 667 

 668 

SCR-Temperature-Programmed Reaction 669 

The reactivity of the HCl-VMoTi was tested by SCR-Temperature Programmed Reaction. The results 670 

are reported in Figure 1. A fixed-bed quartz tubular reactor was prepared with 120 mg of HCl-VMoTi catalyst 671 

(140-200 mesh) mixed with 180 mg quartz particles (same mesh).  672 

The catalytic bed was dried for 60 min at 150°C under 3%O2/He flow (236 Nml/min); afterwards, the 673 

feed mixture (300 ppm NO, 320 ppm NH3 3% O2 in He) was fed (236 Nml/min) for 60 min at 150°C. A 674 

temperature ramp was then started from 150 to 400°C (5°C/min), with final hold of 3 h at 400°C. The reactor 675 

was then cooled down to 150 °C under 3%O2/He flow (236 Nml/min). A second ramp was finally started with 676 

the same conditions as the first ramp.   677 

The experimental set-up is equipped with an Online QMS Mass Spectrometer (Thermostar Pfeiffer 678 

Vacuum) where signals of each reactant of interest are detected. Data are processed and elaborated to eliminate 679 

drifts and cross-influences of the signals due to mass fragmentations, and to quantify the concentrations; to 680 



27 

 

this scope, calibration of the instrument is periodically repeated by means of calibration mixtures and 681 

development of deconvolution algorithms.  682 

 683 

NO+O2-Temperature-Programmed Surface Reaction over HCl-VMoTi and VMoTi 684 

For the NO+O2-TPSR experiments, fixed-bed reactors were prepared with 80 mg of catalyst and 120 685 

mg of quartz particles (140-200 mesh). The catalytic bed was initially dried under He flow (200 Nml/min) at 686 

150°C. After drying, a flow of 500 ppm of NH3/He was fed for NH3 pre-adsorption for 90 min at 100°C; the 687 

treatment was followed by a purge in He for 2h at 100°C.  688 

A feed flow of NO=100 ppm and O2=0.1% was then fed for 60 min at 100°C and a first ramp was set 689 

from 100 to 450°C (5°C/min heating rate). The reactor was then cooled down to 100 °C under 0.1%O2/He 690 

flow (200 Nml/min) and the same procedure was repeated for a second experiment.  691 

 692 

NO+O2 adsorption over HCl-VMoTi and VMoTi 693 

A fixed-bed quartz tubular reactor was prepared with 200 mg of catalyst mixed with 200 mg of quartz 694 

powders (140-200 mesh) and was initially dried under He flow (200 Ncc/min) at 150°C. Then the catalyst was 695 

cooled down to 100°C and NO=100 ppm + O2=1000 ppm were fed with He as balance at the total flowrate of 696 

200 Nml/min at 100°C for 2h. The temperature ramp was then started up to 400°C (5°C/min of heating rate), 697 

keeping the NO+O2 in He flow. 698 

 699 

SCR activity tests over HCl-VMoTi and VMoTi 700 

A fixed-bed quartz tubular reactor was prepared with 60 mg of catalyst mixed with 120 mg of quartz 701 

powders (140-200 mesh). SCR activity tests were performed with a flowrate of 236 Nml/min by feeding 702 

NH3=320 ppm, NO=300 ppm, O2=3% in He. 703 

 704 

SCR activity experiments over HCl-2%V/TiO2 and 2%V/TiO2 705 

A fixed-bed quartz tubular reactor was prepared with 33 mg of catalyst mixed with 300 mg of quartz 706 

powders (140-200 mesh). SCR activity tests were performed with a flowrate of 325 Nml/min by feeding 707 

NH3=320 ppm, NO=300 ppm, O2=3% in He. 708 
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NO+O2 and NH3 adsorption over HCl-2%V/TiO2 and 2%V/TiO2 on Operando FT-IR  709 

For the Operando FT-IR analysis the catalysts in form of self-supported wafers (ca. 15 mg, diameter 710 

= 13 mm) were placed into an IR reactor cell (ISRI Infrared Reactor, Granger, IN, USA) connected to gas lines 711 

with gas mixing devices and mass flow controllers. All the experiments were performed under a total flow of 712 

50 Nml/min. The spectra were collected on a FT-IR Vertex 70 (Bruker, Billerica, MA, USA) with a spectral 713 

resolution of 4 cm−1 and accumulating 64 scans using a MCT detector.  The samples were pre-oxidized at 714 

350°C (O2=3% v/v in He) for 90 minutes and then cooled down to 25°C. The NOx storage experiments were 715 

performed with gas inlet stream of  NO=1000 ppm + O2=3% v/v in He, for 30 minutes. For ammonia 716 

adsorption, the same pre-oxidation treatment was performed, then the catalyst was exposed to a He flow with 717 

NH3=500 ppm for 30 minutes. All the spectra are reported as difference spectra: the spectrum subtracted is 718 

always that recorded at ambient temperature after the pre-oxidation treatment. 719 

 720 

Packed bed reactor model  721 

𝑁𝑂 𝑚𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒: 722 

𝑑𝑐𝑁𝑂

𝑑𝑤𝑐𝑎𝑡
=  −𝜂𝐷𝑒𝑁𝑂𝑥 ∙ 𝑅𝐷𝑒𝑁𝑂𝑥 ∙

1

�̇�
        (S1) 723 

𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛:  𝑐𝑁𝑂|𝑤𝑐𝑎𝑡=0 = 𝑐𝑁𝑂,𝑖𝑛       (S2) 724 

With the rate expression: 725 

𝑅𝐷𝑒𝑁𝑂𝑥 =  𝑘 𝑐𝑁𝑂 = [
𝑐𝑚3

𝑠 𝑔𝑐𝑎𝑡
] [

𝑚𝑜𝑙

𝑐𝑚3]                 ( S3) 726 

The effectiveness factor is defined as follows: 727 

𝜂𝐷𝑒𝑁𝑂𝑥 =
1

3∙𝛷 2 ∙  (3 ∙ 𝛷 ∙ coth(3 ∙ 𝛷 ) − 1)                 (S4) 728 

The Thiele modulus is calculated with a pseudo first order kinetic: 729 

𝛷𝐷𝑒𝑁𝑂𝑥 =
𝑑𝑝[𝑐𝑚]

6
∙ √

 𝑘  𝜌

𝐷𝑒𝑓𝑓,𝑁𝑂
                                   (S5) 730 

 731 

In Eq. (S1-S5),  �̇� [
𝑐𝑚3

𝑠
] is total flow rate under actual T, P conditions, k [

𝑐𝑚3

𝑠 𝑔𝑐𝑎𝑡
] is the pseudo-first 732 

order activity constant, 𝐶𝑁𝑂 [
𝑚𝑜𝑙

𝑐𝑚3] is the concentration of NO, 𝑊𝑐𝑎𝑡 [𝑔] is the catalyst weight, 𝐷𝑒𝑓𝑓,𝑁𝑂  [
𝑐𝑚2

𝑠 
] 733 

is the effective intraporous diffusivity of NO, calculated as in reference [S2]. 734 
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In this work, the model was applied to the estimates of the intrinsic rate constants of the catalyst 735 

samples (with and without HCl). The model fit involved the data reported in Figure 1 (flow of NO, NH3 and 736 

O2 in He with temperature ramp) and Figure 2 (NO+O2 – TPSR) in the low temperature range. Although the 737 

model is steady state, it can be suitably applied also to dynamic data when obtained under quasi-stationary 738 

conditions as in the present case (temperature ramp of 5°C/min). The effectiveness factor was unitary under 739 

the conditions analyzed.  740 

The model fit has been herein reported in the form of Arrhenius plots, a conventional form of 741 

representation of  the measured and estimated intrinsic rate constant k (obtained by integration of Eq. S1)  742 

𝑘 =  −𝑙𝑛 (1 − 𝜒𝑁𝑂)
𝑄(𝑇)

𝑊
            (S6) 743 

in a ln (k) vs 1/T plot that highlights the temperature sensitivity: 744 

ln(𝑘) = ln(𝑘0) − 
𝐸𝑎𝑐𝑡

𝑅
∙

1

𝑇
       (S7) 745 

We note that the use of this methodology becomes improper when the behavior of the reactor is 746 

influenced (possibly limited) by the input/output dynamics; in particular the Arrhenius plots of dynamic data 747 

obtained at high heating ramping rate can be highly misleading.  748 

 749 

Additionally, the model was used to extrapolate the low-temperature quasi steady state behavior to 750 

high temperature conditions, which better emphasizes where the deviations of the reactor behavior from the 751 

stationary conditions prevailed.  752 

The model application is exemplified in Figure S6b, where dashed lines are the calculated results 753 

(extrapolated also to the higher temperature) and symbols are the experimental results. 754 

The verifications confirmed that both for the HCl-doped and the undoped catalyst, the effectiveness 755 

factor was equal to 1 within the experimental rage, being 0.98 at 325°C for the very active HCl-doped catalyst. 756 

 757 

 758 

 759 

 760 

 761 



30 

 

Supplementary Figures 762 

 763 

[Figure S1] 764 

 765 

 766 

 767 

 768 

 769 

Figure S1 - Arrhenius plot of SCR-Temperature-programmed Reaction of Figure 1. 770 
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[Figure S2] 785 

 786 

 787 

Figure S2 – TPD over HCl-VMoTi catalyst (200 mg). Stabilization at 100°C, then ramp from 100 788 

to 400°C (5°C/min). Total flow rate = 200 Nml/min. Composition: 0.5% O2, balance He.  789 
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 803 

 804 

 805 

 806 

[Figure S3] 807 

 808 

 809 

 810 

Figure S3 – NO conversion in NH3-SCR steady state activity tests over HCl-doped catalyst (blue 811 

void squares, 60 mg) and over undoped catalyst (red squares, 60 mg). Total flow rate = 236 812 

Nml/min. Composition: 300 ppm NO, 320 ppm NH3, 3% O2, balance He.  813 
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 818 

[Figure S4] 819 
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 820 

 821 

 822 

 823 

 824 

Figure S4 - First run of NO+O2-TPSR over  a) HCl-VMoTi; first run of NO+O2-TPSR over b) 825 

undoped VMoTi. 826 
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 828 

[Figure S5] 829 
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 832 

 833 

 834 

Figure S5 - NO+O2-TPSR versus temperature of the a) first run over HCl-VMoTi; b) First run over 835 

undoped VMoTi 836 
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[Figure S6] 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

Figure S6 - a) Arrhenius plot of NO+O2-TPSR; b) Comparison between the prediction of a steady-866 

state reactor model with the results of the NO+O2-TPSR. The model incorporates the intrinsic rate 867 

constants obtained for both HCl-VMoTi and VMoTi within the range of temperature of 150-250°C: 868 

kVMoTi = 12 exp (-22000/RT (1/T-1/523.15)) and kHCl-VMoTi = 68 exp (-22000/RT (1/T-1/523.15))     869 
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[Figure S7] 884 

 885 

 886 

 887 

 888 

 889 

Figure S7 – NO conversion in NH3-SCR activity tests over 2%V/TiO2 and impregnated HCl-890 

2%V/TiO2 (33 mg). Total flow rate = 325 Nml/min. Composition: 300 ppm NO, 320 ppm NH3, 3% 891 

O2, balance He.  892 

The interpolating lines represent the result of a modelling analysis which allowed to evaluate the 893 

intrinsic rate constants of the 2%VTi and the HCl-2%VTi catalysts: kVTi = 150 exp (-16000/RT (1/T-894 

1/523.15)) and kHCl-VTi = 350 exp (-16000/RT (1/T-1/523.15)).     895 
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[Figure S8] 906 

 907 

 908 

 909 

 910 

 911 

 912 

Figure S8 – Operando FT-IR spectra collected after 30 min at 25°C under NH3=500 ppm/He over 913 

2%V/TiO2 and impregnated HCl-2%V/TiO2. Total flowrate of 50 Nml/min. 914 

 915 

 916 

 917 

 918 

 919 


