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Summary  
 
Samples of SCR catalysts were impregnated with the following alkali salts; KCl, K2SO4 and 
ZnCl2 at two different concentrations in a wet impregnation method. The activities of the six 
samples were measured in a test reactor and at different temperatures between 250-350 ºC. 
Compared to fresh catalyst, the impregnated samples all had lower activity. It seems like KCl 
is the most poisoning salt, depending on the lowest value of the activity. The experimental 
results are expected as compared to earlier articles, which reports that all alkali salts has 
deactivating effects on a catalyst and that KCl is among the most poisoning ones. By making 
a cross-section SEM analysis, the penetration of the metals at different depths in to the 
catalyst material wall was evaluated. An ICP-AES analysis was carried out in order to see the 
concentration of K and Zn of the test samples. Finally, the pore diameter and active surface 
was measured by BET method. Since the values of the active surface didn’t change compared 
to a fresh catalyst and the pore diameter was only slightly decreased we can suppose that the 
alkali salts deactivates the catalyst by coating of the catalyst pore structure and not as a pore 
blocking.  
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Introduction 

 

The SCR-process 

 
In combustion processes unwanted products are formed, such as dust particles (fly ash) and 
oxides of nitrogen, sulphur and carbon. It is of great importance to hold these emissions as 
low as possible because, for example, nitrogen oxides such as NO2 and NO, together named 
as NOx, has a bad influence on the greenhouse effect, and contributes to acid rain and smog.1 
The SCR (Selective Catalytic Reduction) process is the dominating technique used for 
reducing emissions of NOx in combustion processes. In the SCR-process, the flue gas passes 
through a catalyst after being mixed with ammonia, NH3. (A catalyst is, “any substance that 
increases the rate of a reaction without itself being consumed”.2) Under proper circumstances 
NOx will react with the ammonia according to the following formulas:  
 
4 NO + 4 NH3 + O2 →  4 N2 + 6 H2O  (1) 
NO + NO2 + 2 NH3 → 4 N2 + 3 H2O (2) 
 
The SCR-technique is commonly used in coal and oil fired stationary power stations. Under 
right circumstances this technique has been a good example in how to keep the emissions of 
NOx at a low level. During the last years the amount of bio fuel fired and waste fuel fired 
plants has been increasing. Since the fuel gas from these plants is of another composition and 
more complex, the research on how a SCR-catalyst is influenced by this composition of flue 
gas must be investigated. We already know that gas from bio fuel fired plants has a high level 
of alkali salts, which is causing a degenerative process on the catalyst.3 
 

The SCR reactor 

 
There are different alternatives on where the SCR-reactor can be placed in a combustion 
system. In a high dust placement the catalyst is placed right after the combustion equipment. 
The temperature of the gas is high enough (300-400 ºC) for the catalyst to operate effective.  
 

 
Figure 1. This picture shows a SCR placed as in high dust position, just after the economizer where the 

temperature is optimal.
4
 

 
Depending on the fuel the gas can contain high levels of dust which can block the pores and 
lead to deactivating. One alternative is therefore to place the catalyst after a filter that removes 
most of the dust. This is called low dust. If the SCR are placed at the end of the process it’s 
called a tail end. Unfortunately, in this position the temperature is lower so a reheating, 
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energy demanding, step is needed. We have on the other hand a more clean gas and the 
catalyst can work more effective and blocking can be prevented.5 
 
There are two different types of SCR catalysts; the honeycomb and the plate model. The plate 
model is most common in high dust since it is less sensitive for plugging, due to the high level 
of dust which is common in this type of constructions. An alternative catalyst configuration 
model is the honeycomb model. This one has a higher specific area depending on the 
honeycomb type of construction as shown in Figure 2. This model is more common in low 
dust and tail end.  
 
The catalyst used in this experiment is of a honeycomb structure. It has a support structure of 
TiO2 and V2O5 as active component. WO3 is added as a promotor.  
 

Figure 2. A monolith honeycomb catalyst for SCR 
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The catalytic reaction is shown schematicly in Figure 3. The ammonia molecules adsorbs to 
the Brønstedt acid site on the V2O5. NO molecules present in the gas reacts with the ammonia 
molecule. Both N2 and water desorbes from the catalyst and in presence of oxygen the 
Brønstedt acid site and the V2O5 are regenerated.  
 

Figure 3. The catalytic reaction taking place on the active sites on the catalyst. 
 
The reaction products from the SCR process are nitrogen gas and water, both harmless 
substances, surrounding us everywhere in our daily life. The problem is to add the right 
amount of ammonia in every period of time and reactor position. If the amount of ammonia is 
larger than the NOx formed, we get a surplus of ammonia and, on the other hand, if the 
amount is too low, a part of the NOx gases are passing the system unreacted. Neither of these 
two scenarios is good, so the NH3 needed for the process must be careful controlled. Best 
deactivation condition for a SCR construction is to keep the temperature at an optimal level 
and to add balanced amounts of ammonia.  
 

Deactivation 

 
Deactivating is a state when the catalyst effected by operating conditions is decreasing the 
catalyst performance. This could happen during for example the following scenarios;  
  

 
• Sintring 

If the SCR is exposed to an extremely high temperature the TiO2 is transformed, so 
that the pores in the catalyst material can change and cause a collapse of the catalyst 
effect. The result is that the total active sites of the surface are decreasing. A 
remarkable difference in the temperature between the TiO2 layer and the V2O5 can 
prevent the adsorption of NH3 and NO on the active V2O5. 

1 
 

• Erosion  
If there are particles in the flue gas and the gas velocity is high, these particles can act 
as a sand blast, causing erosion on the surface of the catalyst. Sometimes this can have 
positive effects on the activity since erosion of a poisoned surface uncovers a new 
fresh catalyst. 
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• Fouling 
This mechanism is most common in high dust placement, depending on the high level 
of fly ash and dust which may plug the catalyst channels and make them inactive. 
Since the fouling can happen at the upper end on a catalyst channel, it can block a 
great area of unused active surface of a catalyst. By sootblowing the catalyst front 
surface, a fouled channel can be cleaned and activity restored. 

 
• Poisoning  

This means that a substance has caused damage on the surface of the catalyst by a 
chemical binding to active sites, preventing it from acting as it should. Poisoning 
substances for SCR catalysts are for example arsenic and alkali metals. The poisoning 
effect can be either selective or non-selective. If it is selective, the substance has an 
influence on the active sites of the catalyst. In a non-selective poisoning the poisoning 
substance is blocking the pores in the catalyst material, preventing the reactants to 
reach the active sites.3 This thesis has its focus on alkali metals as deactivating 
components.  
 

Aim of this work  
 
It is of great importance to make the SCR process as effective as possible. Companies are 
saving money and the environment becomes healthier with more effective SCR systems. The 
catalyst must be prevented from being poisoned, and the knowledge for how this is done need 
to be spread.  
 

• The purpose of my paper is to examine how a monolith catalyst is deactivated after 
being exposed to wet impregnation with alkali salts solutions.  

 
• Literature studies should be performed, in order to relate this research to earlier 

research regarding wet impregnation, and deactivating processes from alkali metals in 
SCR-catalysts. 

 
Further on, the investigation will try to answer the following questions: 
 

• How much of the alkali salts from the impregnation was actually accumulated in the 
catalyst material? A chemical analyse with an ICP-AES instrument will be used. SEM 
analysis will answer how much salts that were deposited on the surface of the catalyst 
and how deep in the catalyst material the salts have been penetrating. 

 
• What is the degree of poisoning for the impregnated samples? This is investigated in 

an activity test in a mini reactor with parameters such as flow rate and temperature 
controlled over time.  

 
• How is the poison (alkali metals) deposited in the catalyst material? This will be 

investigated by BET. It can possibly indicate how the pore structure is affected.  
 
These results could later be used as reference data for new research about catalyst 
deactivating caused by particle deposition. The method of deactivating a catalyst by using 
aerosol particles instead of the impregnation method is preferable because the later example is 
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more alike the one that catalysts are exposed for in reality. Flue gas contains –depending on 
fuel and combustion parameters –different amounts of alkali salts in the shape of small 
aerosol particles. At the end, the final aim is to make experimental studies as near the reality 
as possible. 

Earlier research 
 
There have been many studies on how catalysts can be deactivated under different working 
conditions. I have made a literature search in databases on the Internet. There haven’t been 
any articles or thesis found written on the same purpose as this one but many of them are 
relating the same subject. Many papers report that alkali metals have a poisoning effect for the 
catalyst; 
 
Chen et. al.6 investigated how a monolith catalyst is affected by wet impregnation of different 
substances such as for example alkali metals. They found that the poisoning effect depends on 
the basicity of the substance and that in particular alkali metals has a poisoning effect for the 
catalyst. Compared to P2O5 and CaO, the activity decreased more for samples impregnated 
with Li2O, Na2O, K2O and Cs2O. They also found that chlorides of alkali metals are less 
deactivating than an oxide of the same metal. Since the V2O5 is the active component of the 
catalyst, that is where the reaction occurs. It is more difficult to decide exactly what is really 
happening on the active layer. Chen et. al found that the reaction occurs at the Brønstedt acid 
sites which is ought to be the protons on the hydroxyl group. (A Brønstedt acid is a proton 
donator, and a base is a proton acceptor.)7. (Figure 3.) 
 
Kamata et. al.8 impregnated samples of honeycomb catalysts with K2O with wet impregnation 
method. The catalysts were then crushed and used for investigating of the deactivating effect 
in an activity test. The main purpose was to see how the K2O was influencing the catalyst. 
Since K is one of the most common alkali metals in bio fuel combustion it is interesting to see 
the effects and compare these results with others. Worth notice is that the tests were done on 
crushed materials which makes it more difficult to compare with the results in this thesis. 
Kamata et. al. found that K2O had a significant deactivating effect on the catalysts. With BET 
it was found that for the samples with a K2O content of less than 1%, the pore volume and the 
total surface area was not changed compared to fresh samples, indicating pore coating and not 
pore blocking. A chemical adsorption of K2O on the V2O5 surface is possible. IR analyse 
showed that the V=O bonds in the catalytic structure disappeared with increased K2O content. 
Kamata et. al. also found that it was the Brønstedt acid sites that was influenced by high 
amounts of K2O. Both the acidity and the number of sites were decreasing. This test was done 
by comparing area under specific peaks in an IR-spectrum. 
 
Jensen et al. have investigated the deactivating effects caused by potassium, first in a 
laboratory scale9 and then in a full-scale grate-fired power plant10. Both KCl and K2SO4 had, 
according to the experiments, deactivating effects for catalysts and KCl seemed to be the most 
poisoning substance. The laboratory experiments were carried out with plate catalysts, 
impregnated with KCl and K2SO4 in a wet impregnation method. The catalysts were then 
dried at 150 °C for 15 h and the activity tests were carried out in a reactor. A systematic 
evaluation were constructed of K/V (kalium/vanadium) ratio and temperature. The results 
showed significant difference in activity for the samples containing a high level of potassium 
compared to the fresh samples. The paper also proposed a regeneration of the deactivation by 
increasing the temperature and the amount of Vanadium in the catalyst. The results showed no 
significant improvement. Increasing the temperature did not change the deactivating rate and 
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increasing the Vanadium content led to a formation of NO from the added NH3, which is not a 
desirable situation. 
 
The study showed that chlorides are more deactivating than sulphates. By the results from 
BET analyse, the pore volume was lower on the impregnated samples than on the fresh, and 
the pore diameter was slightly larger. The authors concluded that the deactivation should 
depend on a chemical poisoning of the active sites. These Brønstedt sites seemed to be 
affected by the potassium so that the OH-active sites disappears and makes the catalyst 
inactive. This theory was reinforced by IR-analyse where the OH-band in the spectra of the 
potassium impregnated catalysts doped sample was lacking while detectable at the spectra of 
a fresh catalyst.  
 
The full scale evaluation by the same authors, focused on experiments on a full-scale power 
plant fired with straw/wood. The results showed a very fast deactivating of the catalyst, 
compared to a coal-fired power-plant. This is in agreement with former results, as bio fuel 
contains high levels of KCl and K2SO4 compared to coal and oil. One difference in making 
experiments in a full-scale reactor compared to a laboratory test with impregnated samples is 
that the real compounds in the flue gas are in the form of aerosols. Comparing the two papers 
we find that alkali metals (mainly potassium) works as a poison on the catalyst. The later 
paper showed that potassium penetrates the structure of the catalyst and can be found deep in 
the walls of the material. It was only aerosols with smaller diameter that deposited on the 
surface. Finally, both chemical poison and pore blocking was found as deactivating factors for 
the catalyst.      
 
Janner1 found evaluating catalyst impact of flue gas from a municipal waste incinerator that 
the amounts of Zn and K were increasing with time on stream and that the activity of the 
reactor were decreasing with time and temperature. He used the Arrhenius equation and the 
correlation between this value and the specific temperature. The conclusion from this method 
was that the catalysts were poisoned by pore blocking and not by chemical poisoning.  
 

Experimental 
 

Sample preparation by wet impregnation 

 
The laboratory work has been carried out both at Växjö University and at ALSTOM Power 
Environmental Control System, Växjö. Samples where cut from small pieces of SCR 
monolith catalysts from Cormetech Catalyst Inc. The dimensions had a square opening of 6.4 
mm and a size of 160 x 23 x 15 mm. The catalyst samples where impregnated in different salt 
solutions for 15 minutes. The solutions and concentrations are represented in Table 1.  
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Table 1. Solutions and concentrations on the catalyst samples used in the experimental tests. 

 

Sample nr Salt 
(Solved and diluted in 500 ml H2O) 

weigh of salt (g): 

1 KCl (1 g/l) 0,50 
2 KCl (10 g/l) 5,00 
3 K2SO4 (1 g/l) 0,50 
4 K2SO4 (10 g/l) 5,00 
5 ZnCl2 (1 g/l) 0,50 
6 ZnCl2 (10 g/l) 5,00 

 

 
The alkali salt in all of the samples where weighed on an analytical electronic balance scale 
and solved in deionised water in a 500 ml glass volumetric flask. The ZnCl2-salt was first 
weighed in surplus and heated in an oven for 3,5 h for removal of the crystal water. ZnCl2 is 
hydroscopic and take up water forming a liquid salt solution. After this treatment the ZnCl2 –
solution were prepared as above. 
 
Preparing of the ZnCl2-solution failed the first time as it precipitated. Applying another brand 
of salt made it possible to obtain the solution. All salt solutions where obtained from salts of 
PA-quality but from different trademarks; KCl by Scharlau, K2SO4 by Merck and ZnCl2 by 
Fluka. 
 
Catalyst samples of 6 smaller dimensions were cut off from the same catalyst sample. These 
were impregnated under the same conditions with the same solutions as above and were used 
for BET-analyses, as well as for chemical analysis. 
 

Chemical analysis 

 
The chemical analyse was carried out ICP-AES. (Inductively coupled plasma atomic emission 
spectrometry). This method is regarded as reliable concerning analyses of elements with high 
mass number (over 80). Depending on the fact that carbon, oxygen and nitrogen are so 
common in the surroundings of the instruments, these elements are not able to detect. When 
using an ICP-AES, the sample is injected in the instrument together with argon, and 
transformed to aerosols. The aerosols are then transported to a plasma torch. (Plasma is an 
ionized gas.)11 The energy that is needed to form the plasma is created by radio frequency 
power and the temperature of the gas can be up to 10 000 K. The sample is, when reaching the 
plasma, crushed into separate ionised atoms. These photons and ions can then be detected by a 
spectrometer, which is creating emission spectra. The technique of AES is explained by the 
fact that the light from atomic emission, which are emitted by the atoms from the ICP-torch, 
contains lines that are characteristic of every single element. This gives us a spectra where 
interpretation can be made of which elements and amounts that have been detected.12  
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Catalyst activity measurement 

 
The reactivity of the catalyst samples was tested in the SCR reaction of NO reduction by 
ammonia. The test equipment is shown in Figure 4. 
 

 
Figure 4. Mini reactor set up used for the activity experiments 

 
The samples were placed in the reactor inside the electric heated oven. To avoid leaking of 
gas everything was tightened with a Teflon gasket. As it is important to hold the temperature 
constant during the test series and avoid temperature gradients, the reactor was placed in an 
isolated environment. The dimensions of the reactor were 30 x 30 x 340 mm. NO and NH3 

from separate gas tubes were added in controlled flows just before the upper part of the 
reactor. A heating fan was used inside the isolated cupboard to raise the temperature to 
desirable values. Values of the flow through the catalyst reactor were controlled by a 
rotameter and an air flow meter, placed just after a vacuum pump. Calculations are 
represented in the appendix. 
 

Table 2. Test results from sample nr 6 (ZnCl2 10  g/l). See appendix for more data. 

 
Temp (ºC) Flow (Nl/h) Space velocity NOx reduction (%) k-value 

249,7 826 15749 25,3 9,80 
275,4 831 15844 28,0 11,11 
300,3 840 16016 31,6 12,98 
324,4 827 15768 35,0 14,50 
350,0 824 15711 38,4 16,24 
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The tests were carried out as follows: After heating up to a certain temperature, starting with 
250° Celsius, and calibration of the measuring instruments the gas flows were added. An NO 
concentration of 500 ppm was used and the ammonia concentration was about 550 ppm. It is 
important to have a surplus of ammonia so that all NO molecules have chance to react with an 
ammonia molecule according to the formula above. A data collection system was used to 
record all parameters such as NO and NH3 in and NO out. 
 
The NO reduction (η) is the amount NOx that have been reduced. It was calculated as (in 
percent):  
 
η = ([NO in] –[NO out]) / ( [NO in] *100)              (Eq 1) 
 
The catalytic activity was calculated according to Eq 1 and can be described as a value of a 
catalysts activity and condition without taking in account a specific flow. This allows for a 
way to compare different catalysts under different working conditions. The value of the 
activity constant can be calculated from the following parameters:  
 
k= AV*ln (1-η)                                                          (Eq 2)  
 
AV stands for area velocity and is the total gasflow divided to the area of the catalyst 
material.  
 

Internal Structure Measurements 

 
BET is used to investigate the total pore diameter and the surface area of the catalyst in order 
to see how and in what way the catalyst has been exposed to poisons. The method was 
invented by Stephen Brunauer, Paul Hugh Emmett and Edward Teller and BET is the first 
letters in their family names. This method builds upon measurements of adsorption of a gas at 
the surface of the catalyst, and is widely used for examining internal catalyst structures. The 
test sample is cooled during vacuum to a kryo temperature (for nitrogen 77,3 K) and an 
adsorbent gas (often nitrogen) is added. These nitrogen molecules builds up a monolayer over 
the sample and by measuring the pressure at controlled added doses of nitrogen the amount 
adsorbed nitrogen can be calculated. Since the area of how much a nitrogen molecule cover 
the surface is known, the total BET surface area can be calculated by equation 3.13 
 

CSA * NA 
Surface area (SA) = 

(22414 cm3STP) * (1018 nm2/m2) * (S + Y) 
 

(Eq 3) 
CSA = molecular cross sectional area of the analysis gas (nm2)  
NA = Avogadro constant = 6,023*1023

 

S = Slope 
Y= intercept 
 
A diagram is created with plotted values for P / ( V*( P0 – P )) against P / P0 
P0 = Saturation pressure (mm Hg) 
P = Equilibrium pressure (mm Hg) 
From this diagram, values for S and Y is calculated 
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Poison penetration evaluation 

 
By using SEM (Scanning Electron Microscopy) the surface of the catalyst can be investigated 
with high magnification and resolution. The method, used since the early 1950´s, is built up 
from accelerated electrons hitting the surface of the sample in a narrow concentrated beam. 
When the electrons reach the atoms at the surface there is a return emission and it is this 
radiation that is detected. The beam with the accelerated electrons is compared to the 
electrons emitted from the surface and by transforming this information, a picture is created 
with light objects in the front and darker in the background. Sample preparation is done by 
covering the surface with a thin layer of gold to make the surface electrical conducting. If the 
SEM is connected to an X-ray detector the method can give a chemical analysis of which 
elements that are covering the surface and also in which quantities. When the accelerated 
electrons hits the atoms at the surface, X-ray beams with different wavelengths, specific for 
each element is emitted which is analysed for chemical composition.14 
 
A cross section piece of a catalyst wall was scanned by SEM. The data from this experiment 
gave information about how deep and in which amounts the alkali salts had been penetrated 
through the wall.  
 

Results 
 

Chemical analysis 

 
The bulk accumulation of exposed salts in the catalyst test samples was evaluated by ICP. The 
concentrations are shown in Figure 5.  
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Figure 5. The concentrations of potassium and zinc in the wet impregnated samples, measured by ICP.  
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This diagram (5) shows that alkali salts has been accumulated in the test pieces. It is shown 
that the highest salt solution concentration used for impregnating the catalyst samples also 
resulted in the highest concentrations in the catalyst bulk material. The fresh catalyst sample 
also showed an initial potassium amount and this was expected since the catalyst material has 
a content of potassium. 
 

Activity testing 

 
Activity testing was carried out on each of the impregnated catalyst sample as well as fresh 
catalyst. The results of activity versus temperature are shown in Figure 6 at the different 
temperatures from 250 to 350 ºC. All samples showed increased catalyst activity at higher 
temperatures. As expected, the fresh catalyst had the highest activity at all temperatures. In 
general all catalyst samples impregnated with the high concentrated salt solution showed the 
most pronounced catalyst activity decrease with KCl showing the highest poisoning effect. 
Worth notice is that there is a big difference in the curves for KCl high and KCl low, where 
the KCl low line is higher than suspected. Otherwise the most poisoning substance was shown 
to be KCl followed by K2SO4 and ZnCl2.  
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Figure 6. Activity values for the catalyst samples. The tests were carried out in the mini reactor explained above. 

Internal Catalyst Structures 

 
The internal structures of the impregnated catalyst samples as well as fresh catalyst were 
analysed with BET. The results are shown in Table 3. The BET surface areas of the 
impregnated samples are compared to fresh catalyst by comparing the differences in % units 
which is shown in the same table. Information from the BET gives indication on which 
poisoning effect the salts has on the material. The difference in surface area between the fresh 
and the impregnated catalyst samples is overall small, which indicates that the pores are not 
blocked. The rather high, positive value for KCl low can not be explained. 
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Table 3. BET surface area for exposed catalysts. 

 
    BET surface area m2/g difference in % 
KCl low 89,84 9,8 
  high 80,35 -1,8 
K2SO4 low 81,71 -0,2 
  high 74,82 -8,6 
ZnCl2 low 81,75 -0,1 
  high 82,03 0,2 
fresh catalyst   81,85  

 
 
The pore sizes of the catalyst samples were also evaluated and the results are shown in table 
4. The BET pore sizes of the impregnated samples are compared to fresh catalyst by 
comparing the differences in % units which is shown in the same table. Over all a lower pore 
size was found for all impregnated catalyst samples compared to the fresh catalyst material. 
This can be interpreted as the salt has deposited the walls and creating a layer causing a 
smaller diameter of the pore and thus a smaller pore size. 
 
 
Table 4. Data given from the BET: Pore diameter and difference in % related to a fresh sample. 

 
    Pore diameter (nm) difference in % 

KCl low 2,07 3,7 

  high 2,1 2,3 

K2SO4 low 2,08 3,3 

  high 2,12 1,4 

ZnCl2 low 2,01 6,5 

  high 2,04 5,1 

fresh catalyst   2,15  
 

Poison penetration 

 
A catalyst wall from the impregnated catalysts (low concentration, 1 g/l) impregnated with 
each salt solution were scanned and examined with SEM. The Potassium and Zinc 
concentration was analysed at different depths of the catalyst wall. In the wet impregnation-
method we can suspect that the salt impregnates throughout the wall. This is shown for the 
alkali salts in Figure 7. It can also be seen that the salts have penetrated throughout the wall, 
because of the flat penetration profiles. K2SO4 shows the highest concentrations and ZnCl2 the 
lowest. KCl show higher concentrations at the outer sides of the material compared to the 
inside.  
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Figure 7 . Data from SEM; the concetrations of KCl, K2SO4 and ZnCl2 at different depths ( in m.m). in the 

catalyst wall. 

 

 

 

 
 

Figure 8.This SEM picture shows a test piece impregnated with ZnCl2 seen from the side, magnified 50X. 
 

Discussion  
 
Evaluating the results from the SEM analysis, it’s probably correct to assume that the catalyst 
has been impregnated by the alkali salts throughout the material. It is also seen that the 
samples impregnated with the highest salt concentrations has accumulated a higher content of 
the specific salt.  
 
It is possible to assume that the most poisoning material also tend to have the highest degree 
of deactivation. This is suspected by the activity test: All samples impregnated with high 
concentrations shows lower activity and are therefore more deactivating. The fact that higher 
temperature has the effect of increasing the activity is well known from earlier research.1 KCl 
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is, according to literature research one of the most poisoning substances for catalysts, and also 
in this experiments it shows the highest deactivating values.9 It is not surprising that K2SO4 
follows KCl. Both are potassium compounds and according to Jensen et. al. both compounds 
shows strong tendency to deactivate the catalyst material. Since biomass fuel contains high 
amounts of potassium, this element seems to be the most common investigated for this 
purpose. 
 
One way to investigate how the catalyst have been deactivated by pore blocking or by 
chemical poisoning is to look at the activity energy -Ea. If the Ea is increasing, a chemical 
poisoning can be suspected, but if it’s not changing straight probable pore blocking. The 
method is to use the Arrhenius equation to plot values of 1/T (temperature) versus ln k.  
 
The Arrhenius equation:  k = A*e – Ea / (RT)     (Eq 4) 

ln k = ln k0 –Ea/RT                                                              
 
k = the rate constant 
A = The Arrhenius constant 
Ea = The activity energy 
R = gas constant 
T = temperature in Kelvin 
 
 
Since ln k is a function of constants, temperature and Ea, we get a straight line and the slope 
can be used to interpret the Ea.1 Using values from the low concentrations of the three alkali 
salts, the following plots are drawn, (Shown in Figure 9) where ln k0 is given from the 
intercept and Ea/R is the slope of the curve:  
 

y = -2081,2x + 6,839 fresh

y = -1316,9x + 4,9714 K2SO4 low

y = -1681,4x + 5,6937 KCl low

y = -1941,6x + 6,1054 ZnCl2 low 
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Figure 9. Arrhenius plot of ln k versus 1/T. Curve fits have been supplied for determination of Ea. 

 
 



 19 

Table 5. Ea/R ad ln ko for the three alkali salts. 
 

 

 
 
 
 
 

 
Likely to Janner’s research, the results show that none of the samples gives a steeper slope 
than the fresh one. (Table 5) This indicates that the samples are not poisoned selectively. The 
results of the BET analysis show a smaller pore diameter compared to fresh material, and 
almost the same surface area, it is more obvious to say that the catalyst has been poisoned by 
chemical poisoning. Otherwise the pore diameter should be smaller and the surface area too. 
The interpretation of the experiments used in this thesis is that the catalyst has been exposed 
by a chemical poisoning. The pore diameter is smaller in every cases compared to the fresh 
sample. Worth notice is that the value for ZnCl2 low was lower than for ZnCl2 high. The BET 
surface area wasn’t changing much compared to the fresh sample and also this indicates a 
chemical poisoning. (The high value for KCl low can not be explained.) Compared to Jensen 
et al, the trends were similar; smaller pore diameter for the impregnated samples but also 
lower surface area. 
 
It is, sometimes hard to make any conclusions, drawn from earlier written articles because the 
experimental method differs in one or more ways. To compare with results in articles where a 
wet impregnation method is used there must be an understanding that these samples were 
crushed before testing of the activity. It is therefore difficult to compare values between 
different experiments. It is more adequate to see the trends between different results instead.  
 
The impregnation steps were made in a simple way by letting the sample pieces lay in the salt 
suspension for a couple of minutes. After the impregnation step they were separately stored in 
a plastic bag. According to some other articles a better method is to impregnate during a small 
vacuum9, which makes the salt particles more easily penetrate in the catalyst material. In this 
case, when the purpose is to compare the different samples with each other this can’t make a 
big difference.  
 
The activity tests were done in a test reactor made for this purpose. At the beginning there 
was a problem with the measuring instrument but after a while it was corrected. All the tests 
were carried of after each other. The reference sample was tested just one time. To get a more 
reliable experimental data this test sample should be analysed more times and the data should 
be compared in order to see that the Figures were constant.  
 
Results from the chemical analysis can be seen in the picture below. This picture shows the 
molar ratio and the activity of the test pieces in 300 ºC. There is a connection between a high 
deactivation and high molar ratio of alkali salts. (Especially for KCl 10 g/l, K2SO4 10 g/l and 
ZnCl2 10 g/l). The samples with the highest values of accumulated salts have also the most 
deactivating effects.  

Catalyst sample  Ea/R ln k0 
Fresh -2081,2/T   6,839 
KCl -1767,3/T  5,851 
K2SO4 -1313,9/T  4,0714 
ZnCl2 -1941,6/T  6,1054 
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Figure 10. The activity (in%) plotted against the concentration of the test samples in mmol/kg dry substance. 

 

Future work 
 
Since power plants fueled by biomass becomes more and more common, it is important to 
investigate how this fuel reacts with the catalyst material. This thesis has used a wet 
impregnation method for the experimental tests. It would be interesting to see how a catalyst 
is deactivated in a more real life environment using deposition of aerosols particles instead. 
Since biomass fuel creates aerosol particles in combustion processes9 it is more likely to 
believe that results from testing done on these aerosol particles is more reliable than using a 
wet impregnation method.  
 
It is therefore desirable to see how the results from an activity analysis differs when using a 
wet impregnation method compared to a method where the salts has been deposited in form of 
aerosols.  
 
 

Conclusion 
 
To get a more correct answer to how an alkali salt deactivates a catalyst, there need to carry 
out more experiments. It would be interesting to see results from analysis with different 
concentrations and other salt solutions. 
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It seems like the results from this analysis gives a clue on the thesis that alkali salts has 
deactivating effects on a monolith catalyst. According to the literature studies most of the 
experiments gave answers that could be expected. For example, many scientists has pointed 
out KCl as a salt with a high deactivating effect. So was the result also from the tests in the 
mini reactor used for the experiments for this paper. The ICP analyse gave a clear picture on 
the fact that the salt had actually penetrated the catalyst material, and the SEM analysis 
showed more detailed the different concentrations for each salt at every depth of the material.  
 
It is more difficult to say in what way the poison is deposited in the catalyst material. 
Accoring to Janner´s1 research and the Arrhenius method the results points out that all the 
samples were poisoned by pore blocking and not by chemical poisoning. But, on the other 
hand, the results from the BET analysis gives, depending on the results from the BET area, an 
assumption that the catalyst has been exposed by a chemical poisoning. 
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Appendix  
 

Calculations 

parameter description value 

Temperature  °C 
Flow Volume of gas/time, at a specific 

temperature  
m3/h 

Temperature 
correction factor 

(273 + the specific temperature)/273  

Normal flow Flow at a special temp/ Temperature 
correction factor 
(At normal conditions: 1 atm, 25°C) 

Nl/h 

Space Velocity (SP) Normal flow/total volume of the channels  
NOx reduction (η) ([NO in] –[NO out]) / ( [NO in] *100) % 
 
Calculations of the flow (q) 
The flow was measured in the following unit: m3/s. A value was noticed before and 
after a period of about 10 minutes. 
Example:  
 
First value: 30,813m3 
Second value: 30,965m3 

(30,965 – 30,813) m3 = 0,152 m3 

time: 10min 5,11s = (10*60)+5,11 = 605,1s 
(0,152m3/605,1s) = 0,000251m3/s = (0,000251m3/s)*3600s = 0,904m3/h 
  
Correction factor: 
(273+24)/273 = 1,0879 
 
Flow with correction factor:  
(0,904 m3/h)/ 1,0879 = 0,831nm3/h = 831nl/h 
NOx reduction (ηηηη) 
Example: 
Concentration NO in 498ppm 
Concentration NO out 365,38ppm 
(498-365,38)ppm= 132,62ppm 
132,62/498 = 0,2663=26,6% 
Area (A) 
One channel: (6,4*4*16)mm2=4096mm2 

Area of one test piece (6 channels): 6*4096mm2=24576mm2 
Volume:  
160*(2*7,1+0,7)*(3*7,1+0,7)= 52448mm3 
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Area Velocity (AV) 
The total gasflow divided to the area of the catalyst material. 
example: q=0,831nm3/h, A=0,024576m2) 
Q/V=0,831nm3/h/0,024576m2 = 33,81m/h 

Space velocity (SV) 
Flow/total volume 
Ex. Flow: 831nl/h, volume: 52448mm3 

52448 mm3=0,052448l litres 
(831/0,052448)= 15844/h 
k-value (activity constant) 

ln (1-η)* (q/A) 
example: (η=0,295, q=0,831nm3/h, A=0,024576m2) 
ln(1-0,295)*0,831nm3/h/0,024576m2=11.97m/h 

 

Example of test results from the experiments in the mini reactor 

 
      

Sample1  2005-07-14    
KCl 1g/l  Sofia    
      
Temp Flow SV NOx reduction k-value  

250,1 842 16054 29,5 11,98  
275 846 16130 32,7 13,63  

301,3 846 16130 37,1 15,96  
326 851 16226 41,1 18,33  
350 837 15959 43,9 19,69  
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