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The deactivation of V2O5-(WO3)/TiO2 catalysts for selective catalytic reduction (SCR) of NOx upon exposure to aerosols of 

KCl or K2SO4, at different temperatures, has been studied. All samples exposed for more than 240 hours lost a substantial 

fraction of their initial activity although lower exposure temperatures slow down the deactivation. K2SO4 causes a lower 

rate of deactivation compared to KCl. This may be related to a faster transfer of potassium from the solid KCl matrix to the 

catalyst, however, it cannot be ruled out to also be caused by a significantly larger particle size of the K2SO4 aerosol (mass 

based distribution mode: 1.3 µm) compared to that of the KCl aerosol (mass based distribution mode: 0.12 µm). The 

relative activities of exposed catalysts indicate that promotion with WO3 accelerates the deactivation, likely due to the 

enhanced Brønsted acidity which appears to promote the transport of potassium. Using a newly developed experimental 

protocol consisting of two-layer pellets of SCR catalysts, where one side is impregnated with KCl or K2SO4, the potassium 

transport in such systems, which is assumed to take place through reaction and diffusion over acid sites, was investigated. 

SEM-WDS measurements on pellets heat treated at 350 °C show that potassium bound in KCl readily leaves its counter ion 

and thus moves faster into the catalyst compared to potassium from K2SO4, which is in agreement with results from the 

aerosol exposures. 

1. Introduction 

Selective catalytic reduction (SCR) of nitrogen oxides (NOx) 

with ammonia (NH3) is a well established method for 

controlling the NOx emissions from stationary sources such as 

coal fired heat and power plants.1,2 The most widely used 

catalysts for such applications consist of vanadia (V2O5) 

supported on titania (TiO2), promoted with either tungsten 

oxide (WO3) or molybdenum oxide (MoO3), in the shape of 

honeycomb monoliths.2,3 Topsøe and co-workers4-6 proposed a 

mechanism for the SCR reaction over V2O5 based catalysts 

consisting of two catalytic cycles, involving Brønsted acid sites 

(V5+-OH) and redox sites (V5+=O). In the presence of hydrogen 

chloride (HCl), V2O5-WO3/TiO2 SCR catalysts are furthermore 

active in the oxidation of elemental mercury (Hg0), another 

emission from coal fired power plants, to the more soluble 

(hence easily removable) Hg2+.7,8 

In a time with great focus on decreasing the release of carbon 

dioxide (CO2) to the atmosphere, firing (or co-firing) of biomass 

(straw, wood chips etc.) is being applied to substitute fossil 

fuels in order to reduce the net CO2 emissions. Unfortunately, 

alkali and alkaline earth metals, which can be present in 

biomass in high concentrations9, may act as poisons to the 

industrially applied SCR catalysts and can reduce their life-time 

dramatically, especially when the catalysts are used in high-

dust configuration.10 Potassium, released e.g. during firing of 

straw, may form submicron aerosols of potassium chloride 

(KCl) and/or potassium sulfate (K2SO4)11,12 which can deposit 

on the external catalyst surface. Most likely through a surface 

diffusion mechanism, potassium subsequently diffuses into the 

catalyst wall.13-15 It is believed that potassium, due to its 

alkaline nature, poisons the SCR catalyst by reacting with the 

acidic V5+-OH sites.10,14,16-22 It has furthermore been shown 

that the reducibility of V5+=O species is inhibited upon alkali 

poisoning, which slows down the catalytic cycle.20-25 While the 

effect of potassium on commercial SCR catalysts, as outlined 

above, is generally well understood, a more systematic study 

of the deactivation mechanism will provide useful information 

for development of new alkali resistant catalysts and/or 

improved means of operation. To our knowledge, there are no 

systematic studies of the influence of catalyst composition on 

the rate of potassium uptake and the associated deactivation. 

Furthermore, there are no systematic studies of the influence 

of the aerosol size distribution on the rate of deactivation. It is 

conceivable that the aerosol size distribution may significantly 

influence the rate of deactivation since: 1) The rate of 

deposition of aerosol particles increases with decreasing size 

due to their higher diffusion velocity and 2) The rate of 

potassium uptake is likely to depend on the volume (or mass) 

based contact area with the catalyst material which is smaller 

for larger particles (contact area/particle volume ~ 1/dp, with 

dp being the aerosol particle diameter). Finally, the influence of 
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catalyst operating temperature on the rate of deactivation has 

not previously been investigated in depth. 

In this work, the deactivation by potassium poisoning of V2O5-

(WO3)/TiO2 based catalyst plates, of various composition, have 

been studied. The plates have been exposed to KCl or K2SO4 

aerosols of different particle size at various temperatures in a 

bench-scale setup, and tested for remaining activity in a lab-

scale reactor. Furthermore, the mobility of potassium in SCR 

catalysts have been studied by a newly conceived 

experimental protocol in which pellets consisting of one 

undoped layer and one layer of potassium impregnated SCR 

catalyst are heat treated in a lab-scale oven, followed by 

measurement of the resulting potassium profiles across the 

pellet width using Scanning Electron Microscopy/Wavelength 

Dispersive X-ray Spectroscopy (SEM-WDS). These experiments 

provide detailed information on the rate of potassium 

diffusion in SCR catalysts. 

2. Experimental 

2.1. Catalysts 

Plate shaped catalysts supplied by Haldor Topsøe A/S were 

used in this study. The catalysts were based on V2O5, with 

approximate loadings of 1, 3 and 6 wt.%, on a fiber reinforced 

TiO2 carrier. Some plates were promoted with about 7 wt.% 

WO3. The catalysts have a tri-modal pore structure which 

mainly consists of meso- and macropores, with pore diameter 

modes of roughly 10 nm, 300 nm and 10-20 µm.26 The 

Brunauer–Emmett–Teller surface area of the catalysts is 

around 60-80 m2/g.10,26 The structural properties are not 

expected to vary significantly between the individual catalysts, 

at vanadia loadings below monolayer coverage. Upon delivery, 

the catalyst plates had dimensions (thickness x width x height) 

of 1 mm x 50 mm x 148-166 mm, from which pieces with 

dimensions of 36 mm x 98 mm were cut from the individual 

plates and used for the bench-scale exposure campaigns. 

 

2.2. Bench-scale aerosol exposure 

The plates were exposed to aerosols of KCl or K2SO4 in a 

bench-scale reactor previously used for a similar study by 

Zheng et al.14 The setup, illustrated in Fig. 1, consists of a 

natural gas burner, a flue gas duct perpendicular to the burner 

outlet, a heat exchanger section where the reactor 

temperature can be controlled, and the reactor itself. The 

reactor can house a full-length (50 cm) SCR monolith or, as was 

the case in this study, a set of up to nine plate-type catalysts 

placed in a steel cassette in the top part of the reactor. A 

second heat exchanger cools the flue gas further before it is 

led to the stack. 

A water cooled injector probe, equipped with a two-fluid 

nozzle, can be introduced into the flue gas duct at the end 

adjoining the burner outlet. At the opposite end of the duct, a 

bayonet heat exchanger can be inserted for further cooling. 

Aerosols of either KCl or K2SO4 were generated by pumping an 

aqueous solution of the respective salt (with a concentration 

of 0.1 M with respect to potassium ions) through the injector 

probe, at a rate of 420 mL/h, and injecting it into the hot flue 

gas by the aid of pressurized air through the two-fluid nozzle. 

In addition to being heated by the flue gas, the SCR reactor 

was heated from the outside by an electrical heating cable and 

insulated by a mantle of mineral wool in order to minimize 

radial temperature gradients. The axial temperature gradient 

over the catalysts was always within 5 °C. In order to avoid 

build-up of particles on top of the catalyst cassette, a burst of 

pressurized air from a soot blower, located above the reactor, 

was released for approximately 1 second every 30 minutes. 

The total gas flow through the reactor was 35-45 Nm3/h 

corresponding to a linear gas velocity of 1.7-2.2 Nm/s (0 °C, 1 

atm, empty reactor). Six exposure campaigns have been 

conducted in this study. The campaigns differed by the 

injected salt solution, the SCR reactor temperature, the total 

exposure time and the position of the injector nozzle leading 

to different temperatures for the aerosol particle formation. 

Up to nine catalyst plates were exposed in each campaign. 

 

2.3. Aerosol measurement 

The mass based particle size distribution was measured by a 

10-stage Berner-type low pressure impactor (LPI, Hauke 

Ges.m.b.H. & Co.KG) with an aerodynamic diameter range of 

0.03-12.7 µm. The gas was sampled above the reactor inlet 

through a straight cylindrical tube perpendicular to the main 

flow at a flow rate of 23.11 NL/min. In order to avoid water 

condensation, the sampling tube and the impactor were 

heated to 90 °C. The sampling time was 60 minutes. The 

particles were collected on aluminum foils coated with a thin 

film of Apiezon H vacuum grease. The grease was added by 

applying a thin layer of a dilute solution of the grease in 

toluene onto the foils. In order to remove the toluene, the foils 

were dried in an oven at 140 °C for several hours. 

 

2.4. Activity measurement 

The catalytic activities of the exposed samples, as well as 

unexposed counterparts, were measured in the laboratory at 

temperatures between 250 and 400 °C. The samples were 

crushed to a powder, diluted with sand and loaded into a 

quartz reactor between two layers of quartz wool. A typical 

reactor loading contained 50-100 mg catalyst. A total flow of 

about 2800 NmL/min was used during the measurements and 

the gas was composed of 500 ppmv NO, 600 ppmv NH3, 5 

vol.% O2, about 1.4 vol.% H2O and balance N2. The H2O content 

was obtained by saturating a stream of N2 at room 

temperature by passing it through a bubble flask with water. 

The dry NO concentration at the reactor outlet was measured 

by a Rosemount NGA 2000 analyzer.  

The NO reduction in the SCR reaction can be described by an 

Eley-Rideal rate expression where NH3 adsorbs on the catalyst 

surface while NO reacts from the gas phase with the adsorbed 

species.27-29 This mechanism leads to the following rate 

expression: 

−��� ����	
�
·�  = �����

��������
����������

   (1) 
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Here kr (m
3/kg/s) is the intrinsic rate constant, Ci (kmol/m3) is 

the concentration of component i in the gas phase, while KNH3 

(m3/kmol) is the NH3 adsorption equilibrium constant. When 

NH3 is in excess, equation 1 can be reduced to a pseudo first 

order expression with respect to NO: 

−��� = �����     (2)  

For a first order reaction with plug flow in a packed-bed 

reactor, the pseudo first order rate constant, k’, can be 

calculated from equation 3: 

�� ��
�

�
·� = − ����
��� 

ln#1 − %��&   (3) 

Where Fgas (m3/s) is the gas flow rate at reactor conditions, 

mcat (kg) is the catalyst mass and XNO is the NO conversion. In 

the following the rate constant/catalytic activity of an exposed 

sample will be reported relative to that of the same catalyst in 

its fresh state, k’0. 

 

2.5. Ammonia chemisorption 

In order to have a measure of the amount of active acid sites 

as a function of catalyst composition, NH3 chemisorption 

measurements, similar to those carried out by Zheng et al.10 

have been performed on fresh catalysts. Pieces of 16 mm x 16 

mm (corresponding to 0.62-0.68 g) were cut from the 

individual catalyst plates and placed in a quartz reactor which 

was heated to 250 °C. A gas mixture of 600 ppmv NH3, 5 vol.% 

O2 and about 1.5 vol.% H2O in N2 was passed over the catalyst 

for 30 minutes, which was found sufficient in order to saturate 

the active sites with NH3. The NH3 flow was then shut off and 

about 500 ppmv NO was added to the reactor shortly after. 

The amount NH3 adsorbed on active sites could then directly 

be correlated to the amount of NO reduced by NH3, assuming 

that the reaction followed the standard SCR reaction: 

4NO + 4NH3 + O2 → 4N2 + 6H+O  (4) 

A temperature of 250 °C was chosen in order to reduce the 

desorption of NH3 as the flow was shut off, while still retaining 

some SCR activity. 

 

2.6. Two-layer pellet experiments 

To investigate the transport of potassium in the catalyst under 

more controlled conditions, pellets consisting of two layers of 

crushed plate catalyst in close contact were produced. One 

layer was made from a fresh V2O5-(WO3)/TiO2 catalyst, while 

the other layer was made of the same catalyst doped with 

either KCl or K2SO4 to a potassium level of 0.8-1.6 wt.%. The 

potassium doping was achieved by wet impregnation of whole 

catalyst plates which were subsequently dried at 80 ºC, 

crushed, and (in some cases) calcined at 400 °C overnight. 

Initially, one side of the pellet was made by partial 

compression of the powder in a pellet die. The powder of the 

other side was then added to the die and a final compression 

pressure of 60 bar was applied for 1 minute. Each pellet 

consisted of about 600 mg of pulverized catalyst (300 mg in 

each layer) and had a diameter of 13 mm and a thickness of 

2.3 mm. A principle sketch of a two-layer pellet is shown in Fig. 

2. A pellet composed of a layer of pure KCl salt, crushed and 

sieved to a fraction below 250 µm, and a layer of fresh 

3%V2O5-7%WO3/TiO2 catalyst powder was also produced. The 

pellets were exposed at 350 °C for up to 7 days in a horizontal 

lab-scale reactor, illustrated in Fig. 3. During the exposure, a 

gas mixture of 6 vol.% O2 and 3 vol.% H2O in N2 was passed 

through the reactor at a flow rate of about 1000 NmL/min. The 

H2O content was achieved by saturating the O2/N2 mixture in a 

water filled bubble flask at room temperature. 

 

2.7. Catalyst characterization 

The distribution of potassium in exposed plates and pellets 

was measured at Haldor Topsøe A/S using SEM-EDS (Energy 

Dispersive X-ray Spectroscopy, Philips XL30 ESEM-FEG) and 

SEM-WDS (JEOL JXA-8530F HyperProbe) respectively. The 

samples (small plate bits or halved pellets) were embedded in 

epoxy and polished with SiC-paper without using water. In 

order to avoid charging in the microscope, the specimens were 

coated with a conductive layer of carbon. 

3. Results and discussion 

3.1. Characterization of aerosols in bench-scale reactor 

To study the potassium poisoning as a function of aerosol size 

distribution, the position of the injector probe was varied 

between exposure campaigns. Two fixed positions were used – 

one close to the burner outlet, where the flue gas temperature 

was 1050-1100 °C, and one further downstream, where the 

temperature at the injection point was about 550 °C. Fig. 4 

shows the mass based size distribution, measured by the LPI 

during injection of KCl solution, at the two respective probe 

positions. Injecting the solution at the burner outlet resulted in 

a size distribution with a peak at about 0.12 µm and a 

geometric mass mean diameter of around 0.15 µm. This mean 

diameter is only half of that observed by Zheng et al. during 

KCl injection in the same bench-scale setup at a similar 

temperature.14 This may be related to a significant difference 

in the concentration of the injected KCl solution between the 

two experiments (7.4 g/L vs. 37.3 g/L). In the present study, 

the salt concentration was kept relatively low in order to avoid 

clogging of the two-fluid nozzle. An aerodynamic (mass mean) 

diameter of 0.15 µm roughly corresponds to a Stokes diameter 

of 0.1 µm for a KCl aerosol. Christensen and co-workers11,12 

measured the size distributions of the aerosols in the flue gas 

from two different straw fired boilers. Through several 

measurements the authors obtained mass mean Stokes 

diameters of 0.2-0.6 µm which are 2-6 times larger than we 

observed in the bench-scale setup at the given probe position. 

While the particles obtained in the setup were rather small, 

particles in this size range are indeed present in the flue gas 

from full-scale biomass fired power plants.15 Injecting the KCl 

solution further downstream the burner resulted in a particle 

size distribution peaking at 2.6 µm and with a geometric mass 

mean (aerodynamic) diameter of 1.1 µm, corresponding to a 

Stokes diameter of around 0.8 µm. At the lower flue gas 
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temperature at this injection point, the aerosol particles will 

form by drying of the droplets created at the two-fluid nozzle 

rather than nucleation of particles from KCl molecules in the 

gas phase, resulting in particles which are somewhat larger 

than those observed by Christensen and co-workers11,12 in full-

scale plants. 

When injecting a K2SO4 solution at the two different positions, 

no significant difference between the particle size distributions 

were obtained, as seen in Fig. 5. Both distributions peak at 1.3 

µm and the geometric mass mean (aerodynamic) diameters 

are 1.2 µm (burner outlet) and 1.0 µm (downstream) 

respectively, corresponding to Stokes diameters of 

approximately 0.7 and 0.6 µm for K2SO4 aerosols. Due to the 

low vapor pressure of K2SO4, the aerosol was thus mostly 

formed by drying of droplets at both probe positions. The 

distributions measured for the K2SO4 aerosols correlate well 

with the observations by Zheng et al.14 

 

3.2. Ammonia chemisorption on fresh catalysts 

The measured NH3 chemisorption capacities of fresh SCR 

catalysts are listed in Table 1. Each value in the table is an 

average of at least two successive chemisorption 

measurements. The repeatability was in all cases excellent. For 

catalysts which have not been promoted with WO3, the NH3 

chemisorption capacity, and thereby the amount of active acid 

sites, increases with the V2O5 content, however only slightly 

when going from 3 to 6 wt.% (from 66 to 70 µmol/g). For 

catalysts promoted with 7 wt.% WO3 the NH3 chemisorption 

capacity does not seem to depend on the V2O5 content. Both 

the promoted samples with 1 wt.% and the one 6 wt.% V2O5 

showed an NH3 chemisorption capacity of 81 µmol/g. This 

value was in both cases higher than that of the unpromoted 

counterpart of the respective sample. The NH3 chemisorption 

capacity of the 3 wt.% V2O5 sample was 66 µmol/g both with 

and without WO3 promotion. In general, the results indicate 

that WO3 promotion increases the total amount of active acid 

sites and that this amount will be more or less constant, for 

the given WO3 loading, regardless of the V2O5 content. 

 

3.3. Deactivation of aerosol exposed plates 

The absolute activity of fresh, unexposed catalysts, not 

reported here, was generally higher (by a factor of 1.2-12.6 at 

350 °C) for WO3 promoted samples as reported by other 

researchers.30-32
 Furthermore, the activity increased with the 

V2O5 content at temperatures below 400 °C. 

Fig. 6 shows the relative activities of 3%V2O5-7%WO3/TiO2 

catalysts exposed to KCl aerosols in four different campaigns, 

as a function of temperature. In three of the campaigns the 

two-fluid nozzle was positioned close to the burner outlet in 

order to ensure evaporation of the injected KCl solutions and 

the subsequent formation of submicron aerosol particles. In 

one of the campaigns the solution was injected into a colder 

flue gas (downstream burner position) in order to create larger 

particles (> 1 µm). As discussed in the Introduction, we 

speculate larger particles to be less harmful to the SCR catalyst 

since the deposition rate is lower14,15 and since the contact 

area between catalyst surface and potassium rich particles, 

deposited on the catalyst exterior, will be lower. As seen from 

the figure, the catalysts exposed in the four campaigns all 

show significant deactivation. The relative activity of the 

catalysts exposed at 350 °C for 600 or 300 hours is comparable 

and very low (< 5 %). The sample exposed at 150 °C for 300 

hours shows higher relative activity compared to the above 

mentioned samples. This indicates that the mobility of 

potassium is lower at reduced temperature, since the particle 

deposition rate is relatively temperature independent. The 

relative activity of the given sample decreases with increasing 

temperature which may indicate a shift in the selectivity 

towards ammonia oxidation. Another explanation could be 

further deactivation of the sample as the temperature was 

increased during the activity test. This is, however, unlikely 

since the activity at 350 °C was measured twice, first when 

stepwise increasing the temperature from 250 to 400 °C and 

once more after the 400 °C measurement had been carried 

out. As seen from Fig. 6, the catalyst activity at 350 °C is 

unchanged after having been operated at 400 °C. The sample 

exposed to large aerosol particles at 300 °C for 300 hours is 

only slightly more active than the catalysts exposed to the 

aerosol of smaller particles. While the LPI measurements (Fig. 

4) showed a clear shift in the particle size distribution towards 

larger particles when injecting the KCl solution into a colder 

flue gas, the catalyst may still have been subjected to a 

significant amount of ultrafine particles due to deposits of KCl 

on the wall in the high temperature zone. While the major part 

of these deposits had been removed before the experiment 

with large particles was initiated, the presence of a minor 

residue cannot be excluded. A further investigation on this 

issue is needed. 

Relative activities, measured at 350 °C, of exposed samples of 

other compositions are given in Table 2. These show similar 

deactivation trends as the 3%V2O5-7%WO3/TiO2 samples. The 

relative activity of the respective samples exposed at 350 °C 

for either 600 or 300 hours (entries 1a-3b and 7a-9b in Table 2) 

are generally low and counter intuitively tends to be lowest for 

samples exposed for 300 hours. This may, however, be 

accredited to measurement uncertainties which are enhanced 

when the activities of the exposed samples are very low. 

For the 1%V2O5/TiO2 sample exposed at 350 °C for 300 hours 

(7a), no SCR activity could be measured. The same catalyst 

exposed for 600 hours (1a) shows a remaining activity of 24 % 

at 350 °C. This may again be due to uncertainties caused by 

the fact that the initial activity of the given catalyst is fairly 

low. There may also be variations in the amount of aerosol 

each plate has been exposed to, depending on its position in 

the cassette. The general trend in the data is nevertheless 

clear. 

As was the case for the 3%V2O5-7%WO3/TiO2 sample exposed 

to KCl at 150 °C for 300 hours (Figure 6, 5b in Table 2), the 

other samples exposed in this campaign (4a-5a, 6a and 6b in 

Table 2) also show higher remaining activities compared to 

those exposed at higher temperatures, again indicating 

reduced mobility of potassium at 150 °C compared to 350 °C. 

There does not seem to be a clear influence of the V2O5 
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content on the degree of deactivation. However, except for 

the aforementioned sample 7a, the 1 wt.% V2O5 catalysts 

without WO3 (1a and 4a) retain a larger fraction of their initial 

activity compared to WO3 free samples with higher V2O5 

loadings. Furthermore, the relative activity of the unpromoted 

samples exposed at 350 °C for 600 hours (1-3a) decreases with 

increasing V2O5 content. The increased deactivation rate of the 

samples with high V2O5 loadings may be caused by an 

increased abundance of active Brønsted acid sites, as indicated 

by the NH3 chemisorption data in Table 1, over which 

potassium may diffuse. A similar trend cannot be observed for 

WO3 promoted samples, indicating that any effect on the 

deactivation rate by variations in the V2O5 loading is masked 

by the relatively high content of WO3. This too correlates with 

the observations from the chemisorption measurements. In 

five out of the six cases where the activity of KCl exposed 

samples have been measured for catalysts both with and 

without WO3, and where relative activity at 350 °C is above 10 

% for at least one of the samples in the 0%WO3/7%WO3 pair 

(1ab, 2ab, 4ab-6ab and 8ab), the WO3 promoted samples have 

lost a larger fraction of their initial activity compared to the 

unpromoted ones. This is e.g. the case for the 1%V2O5-

(7%WO3)/TiO2 catalysts exposed at 150 °C for 300 hours where 

the unpromoted sample (4a) has retained 77 % of its initial 

activity, while the promoted sample (4b) only has retained 29 

%. This indicates that the increased Brønsted acidity provided 

by the WO3
33-36, apart from enhancing the initial activity, 

facilitates the transport of potassium in the catalysts, in a 

similar fashion as the Brønsted acid sites from V2O5, 

accelerating the poisoning.  

The relative activities of 3%V2O5-7%WO3/TiO2 catalysts 

exposed to K2SO4 aerosols are shown in Fig. 7. As seen from 

the figure, the sample exposed at 300 °C for 72 hours shows 

the highest relative activity of the four samples, only deviating 

from 100 % at temperatures above 300 °C. The sample 

exposed at 150 °C for the same amount of time has lost a 

slightly larger fraction of its initial activity. The fact that the 

sample exposed at the highest temperature has deactivated 

the least contradicts the observations from the KCl exposed 

catalysts. This might be due to an initial activity drop during 

the first hours of exposure which may vary from catalyst to 

catalyst, and which is less dependent on exposure conditions. 

Furthermore, small variations in the amount of aerosol the 

individual catalyst has been exposed to, e.g. due to being 

positioned differently in the cassette, may have a relatively 

large effect on the activity in the beginning of an exposure 

campaign. After 240 hours of exposure, both samples have 

deactivated further, and the sample exposed at 150 °C shows 

higher relative activity than that subjected to a K2SO4 aerosol 

at 300 °C, as expected. The K2SO4 exposed catalysts have 

deactivated significantly less compared to samples exposed to 

KCl at similar conditions, and the deactivation seem to be less 

temperature dependent. This indicates that K2SO4 is less 

poisonous compared to KCl, as previously reported by Zheng 

et al.10,14 However, as explained earlier, the particles 

generated during K2SO4 injection tended to be larger than 

those formed under KCl injection. Thus, an effect of particle 

size on the degree of deactivation cannot be excluded. 

Table 2 lists relative activities (measured at 350 °C) of both 

unpromoted and WO3 promoted 3%V2O5/TiO2 catalysts 

exposed to K2SO4 aerosols (entries 12b-15b). As for the WO3 

promoted samples (Fig. 7, 13b and 15b in Table 2) the 

unpromoted samples exposed for 240 hours show lower 

activity at the higher exposure temperature of 300 °C 

compared to exposure at 150 °C, once again indicating that the 

mobility of potassium is reduced at lower operating 

temperatures. Reducing the operating temperature of the SCR 

unit in a power plant would of course mean a lower NOx 

conversion per layer of catalyst, which in turn would require 

additional catalyst layers in order to obtain the desired NOx 

reduction. Whether or not a prolonged life-time of the SCR 

catalyst is worth such a trade-off is outside the scope of this 

paper. However, low dust SCR units have been successfully 

operated at some wood fired boilers at temperatures as low as 

160 °C, leading to significantly reduced deactivation rates, 

indicating promise of such a strategy.37 

The significant deactivation observed for the catalyst plates, 

after only a few hundred hours of exposure in the bench-scale 

setup, is more severe than what is observed in full-scale 

biomass fired plants.13,15,38 One explanation could be that the 

particles produced in the bench-scale setup, in several of the 

experiments, were smaller than those observed in full-scale 

plants, as previously discussed. Furthermore, the catalysts 

exposed in the bench-scale reactor were subjected to the pure 

potassium salts. In a full-scale plant, the deposited particles 

may contain other elements such as silicon and calcium.11,15,38 

The presence of compounds containing these elements may, 

to some extent, delay the potassium poisoning of the catalyst, 

either by dilution or by binding39 a fraction of the potassium as 

inert species. 

 

3.4. Potassium profiles in exposed plates 

Fig. 8 shows the SEM-EDS measured K/V molar ratios across 

the wall of three 3%V2O5-7%WO3/TiO2 catalyst plates exposed 

to either KCl or K2SO4 aerosols at various temperatures and 

exposure times. As seen from the figure, the thickness of the 

individual plates varied between 900 to about 1400 µm. The 

plate exposed to KCl at 350 °C for 600 hours has the highest 

K/V ratio, throughout its thickness, of the three specimens. 

Very high K/V ratios can be observed near the edges of the 

samples which drop steeply to a near constant level inside the 

catalyst. The average K/V ratio calculated at the distance from 

100 to 800 µm is 0.60. For a 3%V2O5-WO3/TiO2 catalyst 

impregnated with KCl to a K/V ratio of 0.4, Zheng et al.10 

reported a remaining activity of about 40 % at 250 °C, while a 

K/V ratio of 0.7 reduced activity to around 10 % of its original 

value. Chen and co-workers16,40 reported an activity loss of 

approximately 90 % at 300 °C for a 5%V2O5/TiO2 catalyst 

impregnated with KNO3 to a K/V ratio of about 0.5, while data 

from Kamata et al.17 show a decrease in activity of nearly 70 % 

at 360 °C for a 1%V2O5-8%WO3/TiO2 catalyst containing 0.3 
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wt.% K2O (from KNO3 impregnation), corresponding to a K/V 

molar ratio of about 0.6.  

Larsson et al.41 only observed small effects on the activity upon 

exposing 1%V2O5-WO3/TiO2 monoliths to aerosols of KCl and 

K2SO4. Even though the authors measured potassium 

concentrations above 1 wt.% (corresponding to K/V molar 

ratios above 2.3), at penetration depths of up to 650 µm, 

inside the catalyst walls, the KCl and K2SO4 aerosol exposed 

catalysts respectively retained 86 and 98 % of their initial 

activity at 350 °C. Conversely, Larsson et al.41 observed relative 

activities of 50 and 56 % in similar catalysts, respectively 

impregnated with KCl and K2SO4, although lower potassium 

concentrations of about 0.2 wt.% (corresponding to K/V molar 

ratios of around 0.5) were detected in the catalysts. While the 

catalysts and/or test conditions in these studies are not 

entirely comparable to those in the present study, a K/V ratio 

of 0.60 does not seem to fully explain the complete 

deactivation observed for the given catalyst, as illustrated in 

Fig. 6. The slight discrepancy between the activity and the K/V 

ratio of the catalyst may have arisen during the preparation of 

the activity measurement. When a section of the catalyst plate 

was crushed down, KCl particles deposited on the external 

surface of that section will be mixed into the catalyst powder 

possibly allowing for further potassium spreading and 

deactivation of the catalyst, either during the crushing 

procedure and/or during the actual activity measurement 

where the catalyst powder is heated. No further deactivation 

of the catalysts over time was however observed during the 

performed activity measurements. 

The K/V ratios through the two remaining samples, i.e. the one 

exposed to KCl at 150 °C for 300 hours and the one exposed to 

K2SO4 at 300 °C for 240 hours, are low, around or below 0.1. 

Some large peaks in the K/V ratio can be observed inside the 

first of the two, however these are artifacts from where the 

electron beam hits a ceramic fiber, which may contain small 

amounts of potassium and no vanadium. The low K/V ratios in 

the two latter samples are in good agreement with their higher 

remaining activity compared to the first sample although they 

might not explain the observed deactivation of about 50 % at 

350 °C. At lower temperatures, however, these specimens 

retained most of their initial activity as seen from Fig. 6 and 7. 

 

3.5. Potassium mobility in two-layer pellets 

Fig. 9 shows the potassium profiles in an unexposed two-layer 

pellet as well as in pellets exposed for 2 and 7 days, measured 

by SEM-WDS analysis. The impregnated layer in these pellets 

was made from a 3%V2O5-WO3/TiO2 catalyst doped with an 

aqueous KCl solution to a potassium level of about 1.6 wt.%, 

corresponding to a molar K/V ratio of 1.2 (nominal). In this 

particular case, the powdered catalyst had not been calcined 

subsequent to the KCl impregnation. Even for the unexposed 

pellet, potassium has, surprisingly, partly diffused into the 

undoped layer, as seen from the figure. The potassium 

concentration in the pellets exposed for 2 and 7 days are 

comparable. While the concentration drops through the 

impregnated layer, it seems to be leveling out at around 0.6 

wt.% potassium in the undoped layer, corresponding to a K/V 

ratio of about 0.5. This K/V ratio is comparable to that found in 

the catalyst plate exposed to KCl aerosols at 350 °C for 600 

hours (see Fig. 8), which indicates that there exists a saturation 

level at which potassium does no longer diffuse into the SCR 

catalyst. This level would be expected to correspond to the 

concentration of Brønsted acid sites. Fig. 10 shows the chlorine 

level in the same three pellets. As seen from the figure, a 

significant amount of chlorine is present in the impregnated 

layer of the unexposed pellet, which correlates well with the 

amount of potassium in the specimen. No chlorine, however, 

is present in the undoped layer. The two exposed samples, 

however, are chlorine free all the way through, indicating that 

chlorine readily leaves the sample (likely as HCl) when exposed 

to a flow of N2, O2 and H2O at 350 °C. This is in agreement with 

the observations by Wu et al.21 who only found a minute 

chlorine level in a KCl impregnated SCR catalyst after 

calcination at 400 °C for 2 hours. This implies that potassium 

has to coordinate to something else when left behind by its 

counter ion, most likely being the Brønsted acid sites on the 

catalyst.10,14,16-22 

The above observations indicate that the potassium transport 

in SCR catalysts involves two steps: 1) reaction between salt 

bound potassium and catalyst surface, and 2) diffusion of 

potassium over the surface. The latter appears to be fast, 

judging from the rather flat potassium profiles in the undoped 

layers of the exposed pellets in Fig. 9. Before heat treatment of 

a pellet, potassium is present in the impregnated layer as salt 

particles, in intimate contact with the catalyst material, and 

possibly also as surface bound potassium. The latter may 

explain the movement of potassium into the undoped layer 

before heat treatment. For an aerosol exposed SCR catalyst, 

only the external surface will be in close contact with ultrafine 

potassium salt particles, and thus the potassium transport, 

into the catalyst, will be slower. Fig. 11 shows the potassium 

profile in a two-layer pellet consisting of a layer of pure KCl 

(particles size < 250 µm) and a layer of 3%V2O5-7WO3/TiO2 

catalyst, exposed for 7 days. As seen from the figure, no 

potassium has moved into the catalyst layer. This implies that 

the salt particles not only have to be in close contact with the 

catalyst, in order for potassium to leave the salt in reaction 

with the surface, the particles also need to be very small – 

most likely in the submicron range. A similar conclusion was 

obtained by Zheng et al.14 They exposed catalyst plates with 

deposits of KCl particles (with a mean diameter of 350 µm) to 

200 NmL/min of air with about 3 vol.% H2O and 1000 ppm SO2 

at 350 °C. After exposure for nearly 2400 hours, the catalysts 

had only lost 13 % of their initial activity at 350 °C. The reason 

for the much slower transport of potassium from the pure KCl 

layer, into the catalyst, is probably due to a lower contact area 

between the particles and the catalyst, despite the 

compression during the pellet formation. 

The potassium level in three two-layer pellets of 3%V2O5-

WO3/TiO2 catalyst with K2SO4 impregnated layers are shown in 

Fig. 12. Two of the pellets have impregnated layers initially 

containing about 0.8 wt.% potassium (K/V ≈ 0.6), while the 

third pellet has a layer doped to a potassium level of 
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approximately 1.6 wt.%. One pellet is unexposed while two 

others have been exposed for 8 hours. For comparison, the 

potassium profile in a pellet with a KCl impregnated layer (0.8 

wt.% potassium), also exposed for 8 hours, has been included 

as well. Similar to the impregnation with KCl, some potassium 

has moved into the undoped layer prior to exposure. Looking 

at the exposed pellets with impregnated layers containing 0.8 

wt.% potassium from either K2SO4 or KCl, there is a significant 

difference in the potassium level in the undoped layers. For 

the pellet with the K2SO4 impregnated layer the potassium 

concentration has increased slightly compared to that in the 

unexposed pellet, and is essentially zero half way through the 

undoped layer, while the potassium level in the undoped layer 

of the pellet with the KCl impregnated layer is considerably 

higher. In the case of the pellet with the impregnated layer 

doped with 1.6 wt.% potassium from K2SO4, the potassium 

level in the undoped side, upon exposure for 8 hours, is 

comparable to that of the KCl impregnated pellet. Hence, 

potassium from K2SO4 appears to be half as mobile as that of 

KCl. 

Fig. 13 shows the sulfur level in the two pellets with K2SO4 

impregnated layers. Unlike chlorine, the sulfur stays in the 

impregnated layer both before and after exposure. These 

observations may explain the apparent difference in mobility 

between potassium bound in KCl and K2SO4. It is speculated 

that in order for salt bound potassium to diffuse into the 

undoped layer, it first needs to react with a Brønsted acid site 

on the catalyst, e.g. through the following reactions:10 

-M-OH+ KCl →
-./0

-M-OK+ HCl   (5) 

-M-OH+ K2SO4
-.1234⇄ -M-OK+KHSO4   (6) 

-M-OH+ KHSO4
-.�234⇄ -M-OK+H2SO4   (7) 

Where -M-OH is either a vanadium or tungsten Brønsted acid 

site. A difference between KCl and K2SO4, as indicated by the 

results in Fig. 10 and 13, is that the reaction product of the 

counter ion for KCl (HCl) is gaseous and thus leaves the 

sample, in this way pulling the reaction towards the right. The 

sulfur species are either non-volatile at the reaction conditions 

or significantly less volatile than HCl, which in principle could 

allow for the reverse reactions. Furthermore, the lattice 

energy of KCl is significantly lower than that of K2SO4 (720 

kJ/mol versus 1796 kJ/mol)42, which indicates that K2SO4 is 

more stable. Consequently, potassium bound in KCl can more 

easily escape its solid matrix compared to that bound in K2SO4 

which may partly explain why potassium in KCl acts as a more 

efficient poison than K2SO4. KHSO4, which is the product of 

reaction 6, melts at around 215 °C and may to some extent 

convert into K2S2O7 at temperatures above 300 °C.43,44 

However, if salt melts were formed during exposure of the 

K2SO4 impregnated pellets, the sulfur would likely have 

diffused into the undoped layer, together with potassium. 

Using the Kapustinskii equation42,45, the lattice energy of 

KHSO4 can be estimated to about 590 kJ/mol. The difference in 

lattice energies, combined with the fact that chlorine leaves 

the sample upon short time exposure while sulfur stays in the 

impregnated layer, as well as the apparent twofold difference 

in the mobility of potassium from K2SO4 and KCl, observed in 

Fig. 12, suggest that the reaction between K2SO4 and -M-OH 

sites (6) is much slower than that involving KCl (5), i.e. kKCl >> 

kK2SO4. As the estimated lattice energy of KHSO4 is lower than 

that of KCl, reaction 7 is likely somewhat faster than reaction 

5, kKHSO4 > kKCl. 

In order to study the potassium mobility as a function of 

catalyst composition, a series of two-layer pellets was 

produced from V2O5-WO3/TiO2 catalysts with 0, 1, 3 and 6 

wt.% V2O5 and 7 wt.% WO3. Furthermore, a two-layer pellet of 

WO3 free 3%V2O5/TiO2 catalyst and one of pure fiber 

reinforced TiO2 carrier were produced. In all cases the 

impregnated layer was made from the respective catalyst 

doped with KCl to a potassium level of about 1.6 wt.%, 

corresponding to nominal K/V ratios of 3.7, 1.2 and 0.6 for the 

three different (nonzero) V2O5 loadings. Fig. 14 shows the 

potassium profiles in these pellets after exposure for 7 days. 

For the three pellets of catalyst containing both V2O5 and WO3 

the potassium concentration has reached comparable levels of 

0.4-0.5 wt.% in the undoped layer. Hence, there does not 

seem to be a connection between potassium mobility and 

V2O5 loading for catalysts with relatively high WO3 loadings. 

For the 3%V2O5/TiO2 sample the potassium diffusion seem to 

have proceeded at a slower rate reaching a potassium level of 

about 0.25 wt.% far inside the undoped layer. Similar levels are 

found in the 7%WO3/TiO2 pellet and the pellet made from TiO2 

carrier. As indicated by the bench-scale tests, the two-layer 

pellet data further indicate that WO3 promotion facilitates the 

potassium transport in the SCR catalyst. Furthermore, the 

higher potassium mobility in V2O5-WO3/TiO2 catalysts seems to 

be due to some interaction between V2O5 and WO3 which is 

independent on the V2O5 content. The latter is also in good 

agreement with the observations from the activity 

measurements as well as the NH3 chemisorption study. 

4. Conclusions 

Industrial type V2O5-(WO3)/TiO2 SCR catalysts have been 

exposed to KCl or K2SO4 aerosols in a bench-scale reactor in 

order to investigate catalyst deactivation (by potassium 

poisoning) under biomass firing conditions. All catalysts 

exposed for 240 hours or longer showed significant 

deactivation. Samples exposed at 150 °C rather than 300/350 

°C, however, showed higher remaining activity indicating 

decreased potassium mobility with decreasing temperature. 

The K2SO4 exposed catalysts had deactivated considerably less 

than the ones exposed to KCl exposed ones. This could be due 

to potassium in K2SO4 being less mobile once deposited on the 

catalyst, which is supported by the observations from the 

pellet experiments. In addition, measurements showed that 

the particle size distribution of the K2SO4 aerosol obtained in 

the setup was shifted towards larger particles compared to 

that of the KCl aerosol, which may lead to a slower deposition 

rate of particles on the external surface of each catalyst plate, 

as well as a smaller contact area per mass of aerosol. Hence, 
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an effect of particle size on the catalyst deactivation cannot be 

excluded.  

At large, the relative activity of the exposed catalysts indicates 

that WO3 promoted samples, which in general have higher NH3 

adsorption capacities, have lost a larger fraction of their initial 

activity compared to unpromoted ones. This implies that 

increased Brønsted acidity facilitates the potassium transport 

in the catalyst as well as leads to a higher equilibrium uptake, 

which supports the proposed theory of diffusion of potassium 

ions via Brønsted acid sites. This is further supported by the 

results from a study on the potassium mobility in two-layer 

catalyst pellets of various compositions. It should, however, be 

noted that the absolute activity of WO3 promoted catalysts in 

general is significantly higher than for unpromoted samples 

and so it may not be favorable to use unpromoted catalysts in 

biomass fired systems.  

The potassium mobility in SCR catalysts was studied using a 

novel experimental method in which pellets composed of two 

similar layers of catalyst were heat treated. One of the layers 

was impregnated with KCl or K2SO4 while the other layer was 

undoped. These investigations clearly showed that potassium 

bound in KCl has a much higher mobility in SCR catalysts 

compared to that in K2SO4, due to the latter being a more 

stable salt. While chlorine completely left the catalyst pellet 

upon treatment at SCR conditions (350 °C, 6 vol.% O2 and 3 

vol.% H2O in N2), indicating complete conversion of KCl to -M-

OK and HCl, sulfur stayed in the sample and was immobile. The 

results support a view where potassium reacts with and 

subsequently diffuses over Brønsted acid sites in the catalyst, 

and that the reaction rate of salt bound potassium (KCl of 

K2SO4) is related to how easy potassium is able to leave its 

counter ion. All together, the results indicate that a lower 

operating temperature and high conversion of KCl to K2SO4 will 

enhance the life-time of an SCR catalyst. 
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Figures 

 

 

Fig. 1 Schematic drawing of the bench-scale setup for aerosol exposure of SCR catalyst 

plates. 

 

 

Fig. 2 Principle sketch of two-layer pellet. 

 

 

Fig. 3 Schematic drawing of the lab-scale setup for exposure of two-layer pellets. 

 

Fig. 4 Mass based size distributions obtained during injection of a 0.1 M KCl solution at 

420 mL/h at the burner outlet (flue gas temperature ≈ 1075 °C) as well as downstream 

the burner (flue gas temperature ≈ 550 °C). 

 

 

Fig. 5 Mass based size distributions obtained during injection of a 0.05 M K2SO4 solution 

at 420 mL/h at the burner outlet (flue gas temperature ≈ 1075 °C) as well as 

downstream the burner (flue gas temperature ≈ 550 °C). 
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Fig. 6 Relative catalytic activities of KCl exposed 3%V2O5-7%WO3/TiO2 catalysts as 

functions of temperature. Measurement conditions: [NO] = 500 ppmv, [NH3] = 600 

ppmv, [O2] = 5 vol.%, [H2O] ≈ 1.4 vol.%, balance N2. Total flow = 2800 mL/min. 

 

 

Fig. 7 Relative catalytic activities of K2SO4 exposed 3%V2O5-7%WO3/TiO2 catalysts as 

functions of temperature. Measurement conditions: [NO] = 500 ppmv, [NH3] = 600 

ppmv, [O2] = 5 vol.%, [H2O] ≈ 1.4 vol.%, balance N2. Total flow = 2800 mL/min. 

 

 

Fig. 8 K/V molar ratios across the thickness of 3%V2O5-7%WO3/TiO2 catalyst plates 

exposed to aerosols of KCl or K2SO4. 

 

 

Fig. 9 Potassium profiles in KCl impregnated (1.6 wt.% K, nominal) two-layer pellets of 

3%V2O5-WO3/TiO2 catalyst, exposed to a flow (1000 NmL/min) of 6 vol.% O2 and 3 vol.% 

H2O in N2 at 350 °C for 0-7 days. 
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Fig. 10 Chlorine profiles in KCl impregnated (1.6 wt.% K, nominal) two-layer pellets of 

3%V2O5-WO3/TiO2 catalyst, exposed to a flow (1000 NmL/min) of 6 vol.% O2 and 3 vol.% 

H2O in N2 at 350 °C for 0-7 days. 

 

 

Fig. 11 Potassium profile in a two-layer pellet containing a layer of pure KCl and a layer 

of a 3%V2O5-7WO3/TiO2 catalyst, exposed to a flow (1000 NmL/min) of 6 vol.% O2 and 3 

vol.% H2O in N2 at 350 °C for 7 days. 

 

 

 

 

Fig. 12 Potassium profiles in K2SO4 or KCl impregnated (0.8-1.6 wt.% K, nominal) two-

layer pellets of 3%V2O5-WO3/TiO2 catalyst, exposed to a flow (1000 NmL/min) of 6 vol.% 

O2 and 3 vol.% H2O in N2 at 350 °C for 0-8 hours. 

 

 

Fig. 13 Sulfur profiles in K2SO4 impregnated (0.8 wt.% K, nominal) two-layer pellets of 

3%V2O5-WO3/TiO2 catalyst, exposed to a flow (1000 NmL/min) of 6 vol.% O2 and 3 vol.% 

H2O in N2 at 350 °C for 0-8 hours. 
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Fig. 14 Potassium profiles in KCl impregnated (1.6 wt.% K, nominal) two-layer pellets of 

V2O5-(WO3)/TiO2 catalysts, exposed to a flow (1000 NmL/min) of 6 vol.% O2 and 3 vol.% 

H2O in N2 at 350 °C for 7 days. 
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Tables 

 

Table 1 NH3 chemisorption capacities of V2O5-(WO3)/TiO2 catalysts measured at 250 °C. 

V2O5 content  

[wt. %] 

NH3 chemisorption capacity [µmol/g] 

0 wt.% WO3 7 wt.% WO3 

1 41 81 

3 66 66 

6 70 81 
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Table 2. Exposure conditions and relative activities of V2O5-(WO3)/TiO2 catalysts. 

Entry no. 
V2O5 content  

[wt. %] 

Potassium 

source 
Temperature [°C] Time [h] 

Aerosol distribution 

mode  

[µm] 

Relative activity at 350 °C [%] 

a) 

0 wt.% WO3 

b) 

7 wt.% WO3 

1 1 KCl 350 600 0.12 24 11 

2 3 KCl 350 600 0.12 19 2 

3 6 KCl 350 600 0.12 1 4 

4 1 KCl 150 300 0.12 77 29 

5 3 KCl 150 300 0.12 32 52 

6 6 KCl 150 300 0.12 47 34 

7 1 KCl 350 300 0.12 0 6 

8 3 KCl 350 300 0.12 14 1 

9 6 KCl 350 300 0.12 2 3 

10 3 KCl 300 300 2.6 n.p.a 7 

11 6 KCl 300 300 2.6 n.p. 1 

12 3 K2SO4 150 72 1.3 n.p. 84 

13 3 K2SO4 150 240 1.3 77 64 

14 3 K2SO4 300 72 1.3 n.p. 95 

15 3 K2SO4 300 240 1.3 37 50 

a
n.p.: Experiment not performed.  
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A novel experimental protocol, involving two-layer pellets, shows that potassium bound in KCl has a much 

higher mobility in SCR catalysts compared to that bound in K2SO4. 
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