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Abstract 

 

This study checks the possibility to use alkali salts as additives for 

improving biomass gasification by impregnating pulverized pine with salt 

solutions. The goal is to open up more streams of feedstocks in the 

production of renewable fuels from gasification.  

 

In this case an entrained flow gasifier (Chemrec type) with the ability of 

recycle alkalis has generated this possibility. Currently, it uses black liquor 

as feedstock. The biofuel industry has a bottleneck to this feedstock 

because of its dependence on the paper and pulp industries energy 

production. 

 

The improvements by adding alkali salts to biomass has shown that it is 

possible to make it at least 5 times as reactive and increase the amount of 

solid char after pyrolysis with 70% compared untreated pine on ash free 

basis. The impregnated pine did become as reactive as black liquor at 

750°C but falls behind at 900°C here were black liquor 2.5 times as 

reactive. Of the tested alkali salts it was potassium carbonate and sodium 

carbonate that gave the most desirable results and benefits of higher 

impregnations. Therefore it is needed to do more test with higher 

impregnations then what we used to see if the gap at higher temperatures 

can be decreased further. 

 

Also two different lignin powders provided from Innventia were tested for 

gasification reactivity. One of these contained high amount of alkali and it 

performed as the less impregnated pine samples. The other one had been 

washed and had worse properties then untreated pine.  
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1. Introduction 

 

The energy consumption is getting higher day by day due to the increasing 

energy need in the developing countries, The main source of this energy 

comes from fossil fuels (~80% of the world’s energy)[1] which emits  

greenhouse gases. This sets the course for a non-sustainable development 

of our society. This trend needs to be changed to slow down the climate 

change that is occurring globally. 

 

One of the biggest consumers of the fossil fuels is the transport sector.[2] 

That is why it is of great interest to find alternative fuels that comes from 

renewable raw materials to produce biofuels. A possible technology for 

this is gasification which produces synthesis gas. This gas can later be used 

to produce different kinds of biofuels. 

 

1.1. Objectives 

Very high reaction rate is observed with the high concentrations of alkali 

metals present in Black Liquor (BL), the metals comes from the chemical 

additives used to dissolve  lignin in wood during paper production. This 

alkali shows a significant catalytic effect in the devolatilization and 

gasification of the BL. 

 

By impregnating these alkali metals to biomass in form of pulverized pine 

we hope to get the same accelerated reaction as in BL. This would remove 

the dependency of BL as a feedstock and open up new possibilities for 

multiple streams of feedstock. As an example, in the forest industry, there 

are plenty of waste products which can potentially go to fuel production 

through gasification. 

 

In case of Sweden, it is possible to replace the fossil fuel use today with 

Biofuel. The idea was based on the pilot scale entrained flow gasifier close 

to Smurfit kappa (Piteå, Sweden). It gasifies the BL and recovers the 

chemical (i.e. minerals) for further use. This gives the possibility to recover 

the catalysts impregnated in the first place and recycle them. 
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2. Background 

 

When a solid fuel is gasified, it is converted to combustible gases. This 

transition is achieved by controlling the amount of oxygen available to 

participate in the reaction with the carbon in the feedstock. Normally this is 

around 15-30% of what would be needed for a complete combustion.[3] 

The three main components in the produced gas are methane, carbon 

monoxide and hydrogen. The carbon monoxide and hydrogen is called 

synthesis gas and can be converted through catalytic processes to create 

different chemicals. The temperatures used for the process are between 

600-1500 °C depending on which technique that being used.[3]  

 

Pyrolysis is the first step in the gasification process. Pyrolysis is when 

there is no oxygen at all to react with the biomass, this leads to evaporation 

of volatiles such as gaseous organic components (tars) and light 

hydrocarbons (methane ethane propane and others). The tars can be 

condensed to form a liquid, this liquid is called pyrolysis oil and it can be 

refined to form even more chemicals. Only 20-30 % of the biomass 

becomes char depending on which biomass used and technique of 

pyrolysis and is calculated on dry basis.[3] [4]  This char was then gasified 

to form the product gases. See Figure 1 for a visualization of the different 

steps in the process of gasification. 



4 

 

 
Figure 1  

Reaction steps for gasification of biomass [3] 

 

The tars that form in the process are often a problem for the gasification 

facility. They follow the produced gases and condense along the way. This 

builds up over time which leads to clogging of the systems and causes 

costly production stops. 

2.1. Techniques 

There are lots of different kinds of gasifiers currently used, these are fixed 

bed, fluidized bed (BFB or CFB) and entrained flow.[3] [4] Entrained flow 

operates normally in temperatures of 1200-1500°C.[3] To be able to feed 

the feedstock to the gasifier, it has to be a fine powder or a liquid.[3] The 

high temperature and short residence times in this type of gasifier results in 

low concentrations of tars compared with the other solutions, see Figure 2. 

However, this requires very good construction materials for the gasifier so 

it can withstand the high operating temperatures. 
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Figure 2 

Effects of temperature and residence time in pyrolysis [4] 

 

At Luleå University of Technology (LTU) there are ongoing research 

activities on entrained flow gasification in both pilot and lab scale. In the 

pilot plant, situated at Piteå, dimethyl ether (DME) is being produced from 

synthesis gas. DME is a good alternative to diesel and has been proven by 

Volvo, through tests on their trucks. 

 

This gasifier is specially designed based on the current feedstock BL. The 

BL comes from the paper mill Smurfit Kappa located close to the pilot 

plant. One of the reasons of using BL for gasification is the rapid reaction 

rate for the conversion process, This reaction rate is due to the high 

amounts of alkali present in BL that gives a catalytic effect. This makes it 

possible to use lower temperatures inside the gasifier which leads to a high 

overall efficiency of the facility. 

 

Another advantage with BL is that it is a liquid. Therefore, it can be 

pumped and pressurized through a spray nozzle to create droplets in the 

gasifier which also contributes to an efficient conversion. The BL contains 

lots of chemicals that the paper mill uses in the preparation of the pulp. It is 

essential for the paper mill to get these chemicals back to make their 
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operation as economical as possible. To solve this they pass the synthesis 

gas through a spray of quenching water in the bottom of the gasifier 

reactor. This water traps the ash (chemicals) and cools the gas. The 

solution is called green liquor and is sent back to the paper mill for 

chemical recovery. 

 

The downside with using BL as feedstock for production of biofuel is that 

the pulp industries has it as their main energy carrier for their paper 

production and that creates resistance to any changes to the use of BL. 

2.2. Earlier research 

In earlier studies[5][6][7][8][9][10][11][12][13] it has been shown that 

impregnation of woody biomass with different types of alkaline metals 

gives a more reactive pyrolysis and gasification. This is because of the 

catalytic effects of the metals. 

Mix techniques 

The impregnation of biomass is most commonly done with water solutions 

of alkali salts, then stirring the mixture a few hours, all between 6-48 

h.[8][9][7][12] Also spraying biomass with salt solution is an 

alternative.[10] The concentrations of these solutions varies a lot, between 

0,03-0,24M of salt. The methods used to remove the salt solution are either 

by filtering or dry boiling[7] the mixture and afterwards dry the catalyst 

loaded biomass in 105-120 °C between 8 h to “overnight”.[7][8] 

 

It is reported in literatures that the initial reaction rate of the char that has 

been impregnated with alkali metals increases gradually with the metal-to-

carbon ratio (M/C) on atomic level, where the saturation level of the 

increased effects lays around M/C ≈ 0,1.[13] 
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Pyrolysis methods 

The pyrolysis of the biomass is an important stage in the process of 

converting it to synthesis gas. Most of studies[6] [7][8][9] have done a 

slow pyrolysis, where they use a low constant heating rate which results in 

higher char yield.[14] 

 

This does not fit into the actual process for an entrained flow gasifier 

where the heating rate is much higher. Here the particles are exposed for 

the temperatures within the reactor instantly and this calls rapid pyrolysis. 

Due to the difference in the pyrolysis conditions, the char reactivity can 

vary from each other. 

It has also been shown that the catalytic effects are active during the 

pyrolysis. Depending on which alkali that was used affected the reaction 

time and the composition of the pyrolysis gases, it also lowered the amount 

of tars that formed during this process. These effects were enhanced by 

increased basicity of the solution and the use of Na
+
 and K

+
 ions. [11] 

 

Something else that is common is to carry out the pyrolysis and 

gasification in two separate steps.[7][9][10] This does not fit in with the 

entrained flow gasifier technology either. Perander et al., 2015 [12] did 

pyrolysis and char gasification in the same experiment with the use of CO2 

which lower the amount of possible errors. They also took a close look at 

how the chemical composition on the surface changes over time when the 

biomass gasifies. The result was that the catalytic salts forms a layer on the 

surface of the char particles which prevents oxidizing gases to make 

contact with the char that got trap in the middle of this salt shell. This 

decreased the reaction rate towards the end of the gasification.[12] 

Gasification results 

The increased reactivity due to catalytic effects of different  metal 

impregnations has been reported as K>Na>Ca>Fe>Mg.[8] But others 

observed following catalytic order Na>K>Ca>Mg.[13] This suggests that 

the results are sample specific. Even heavy metals like Zn, Pb and Cu has 

been tested and they decreased the reaction rate over the whole gasification 

with up to 15 %.[13]  
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3. Method 

 

This study assesses the potential of four alkali salts as catalytic agents by 

impregnating them into wood powder. Also the reactivity of two different 

lignin powders is tested and they are prepared by Innventia. 

3.1. Alkali solutions 

The salts under consideration are presented in Table 1. The concentrations 

that are tested are 0.1 Molar and 1 Molar of metal ions dissolved in 

deionized water. 

 

Table 1 

Alkali salts and concentrations 

Name 
Chemical 

identity 
[g/mol] 

Melting 

temperature [°C] 

Sodium 

chloride 
NaCl 58.443 801 

Sodium 

hydroxide 
NaOH 39.997 323 

Sodium 

carbonate 
Na2CO3 105.988 856 

Potassium 

carbonate 
K2CO3 138.206 899 

 

To achieve the right concentration a 1000ml graduated cylinder with 1% 

uncertainty is used together with an electrical scale (A&D 

INSTRUMENTS LTD. FZ-120i-EC) together with equation (3.1.1). 

Molar 𝑐 =
𝑛

𝑉
 (3.1.1) 
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3.2. Wood powder 

The biomass that is used is pulverized pine. The wood powder is sieved 

with an electrical sieve made by Retsch (AS200). The sieve is set to 3/2 

amplitude and the timer on 10 minutes. 

 

Pre-studies showed that the biomass particles shrank about 1/3 of their 

original size after the pyrolysis. That is why the size 355-400μm is chosen 

for the sieve. Smaller sizes than this result in to low char yield with right 

sized particles to fit the platinum mesh used in the gasification. See 

appendix A1. 

 

 With the help of a camsizer (Retsch TechnologY CAMSIZER XT) further 

studies were made on the size distribution, see Figure 3. This shows that 

there is a wide span of sizes and that 50% of the pine has the size of 300-

475µm. 

 

 
Figure 3 

Analysis of size distribution of the pulverized pine 
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3.3. Impregnation 

The biomass is mixed with the alkali solution in a 400ml beaker with a 

diameter of 65,7mm the ratio between them is 16ml/g and the amount of 

biomass prepared in one batch is 15-20g. 

The mix is constantly stirred during the impregnation with an overhead 

stirrer from VELP Scientifica (F201A0151) with the speed set to 3 (RPM 

of 450-500). The head of the mixer is a turbine blade with a diameter of 

30mm at the top and 24,2mm at bottom. The duration of impregnation is 

18h. 

3.4. Filtering and drying 

Filtering is done with help of a Buchner funnel and filter paper with grade 

293. The funnel is mounted on top of a conical flask that is coupled to a 

vacuum pump. This shortens the time needed for filtering to some seconds. 

The filtered biomass is evenly distributed in an ovenproof dish. The layer 

of biomass is made as thin as possible so if there is formation of salt 

crystals it is evenly distributed. The biomass is then put in an oven at 

105C° for 18h of drying. 

3.5. Char preparations (Pyrolysis) 

Results from pre-studies shows that the biomass particles tends to fuse 

together and forms an airy sponge looking char. This creates unwanted 

heat and mass transfer that will affect the end conversion rate, which is 

why pyrolysis and gasification will be done in two separate steps. See 

appendix A1. 

 

Chars are prepared at 600°C in carbon dioxide with the flow 5l/min. The 

biomass is placed in a crucible made of alumina. The crucible is attached 

to a thin wire and lowered down in to the TGA (Figure 4) from the top, the 

wire is connected to a scale (A&D INSTRUMENTS LTD. FZ-120i-EC) 

which measure the weight every two seconds and saves in a spreadsheet. 

The pyrolysis is considered done as soon as the weight change between 

measurements is less than 3mg. 

 

The crucible has to be cooled before it can be taken out otherwise the char 

starts to burn. This is done by quenching it in nitrogen gas for 10min, this 
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is done for all the samples except the 0.1M impregnated chars. Due to the 

self-ignition of the 0.1 M (Na2CO3 and K2CO3) samples, carbon dioxide 

is used for the quenching for 20 min. 

 

The chars are later sieved to get particles in the size 250-300μm and is 

done in the same electrical sieve as with the wood powder, the settings is 

changed to 1 amplitude and 10min. 

 

For creating the desired sample size the random sampling method is used, 

this keeps the randomness of particles sizes in each sample. 

 

  

Figure 4 

Thermal Gravity Analyzer (TGA) 

 

The targeted size is 80mg ± 5mg and is measured with the same scale as in 

3.1 
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3.6. Gasification 

The gasification experiments are carried out at 900°C, 850°C, 800°C and 

750°C with carbon dioxide as oxidant. The gas flow is 5l/min. The sample 

is placed in a basket made of platinum mesh with spacing of 81 mesh per 

inch from ADVENT Research Materials Ltd (Gi2531). 

 

The basket is carefully shaken to get rid of any particles that are smaller 

than the mesh and also for getting as thin and evenly distributed layer of 

char as possible. The weight for the empty basket, the amount of char and 

resulting ash are taken for every experiment. After each experiment the 

basket has to be cleaned from any ash leftovers, this is done with tap water 

and then it is dried in the TGA before the next experiment. Each 

experiment is carried out twice for repeatability.  
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4. Theory 

 

4.1. Impregnation solutions 

The use of two different concentrations is to see how much metal that can 

be impregnated depending of the solutions basicity and how much the 

catalytic effects increases with higher amount of metal. This is of interest 

because of the possibility of recycling the alkalis in the pilot scale gasifier 

in Piteå. This mean, if there are more benefits for the gasification to use 

much alkali there would not be any extra cost for doing that when it can be 

recycled. 

4.2. Data analysis 

Matlab is used for filtering, analysis and plotting of data. 

4.2.1. Noise reduction 

The gathered data has to be filtered first to get rid of the noise that the scale 

takes up from the environment, this is done with the following command 

(4.2.1) which creates a fitted line through the collected data. The fit is done 

between the first data point and where the weight change stops. 

 

Noise 

reduction 

𝑑𝑎𝑡𝑎𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑

= 𝑠𝑚𝑜𝑜𝑡ℎ(𝑑𝑎𝑡𝑎, 𝑠𝑚𝑜𝑜𝑡ℎ𝑓𝑎𝑐𝑡𝑜𝑟,′ 𝑟𝑙𝑜𝑒𝑠𝑠′) 
(4.2.1) 

 

The smoothfactor are set to 0.5 as default and depending on how the data 

looks like it may be changed to give a better fit. 

4.2.2. Conversion degree 

While gasifying the amount of carbon in the char will decrease when it 

reacts to an oxidizing agent, this reduction of coal can be measured as a 

mass loss over time. Towards the end the weight will stabilize at a constant 

value, this mean that all coal has reacted and left is only the ashes from the 

char. 

 

The mass of each sample is not exactly the same. This data has to be mass 

independent and it is done by looking at the conversion degree with 
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equation (4.2.2). This will normalize the data between 0 to1 where 1 is 

when 100 % of the carbon is converted. 

 

Conversion degree 𝑋 =
𝑚0 −𝑚𝑡

𝑚0 −𝑚𝑛

 (4.2.2) 

 

The initial mass is 𝑚0 where as 𝑚𝑡 is the current mass and the 𝑚𝑛 is the 

final mass or the mass of the ashes. 

4.2.3. Derivative at X 

The derivative (
𝑑𝑋

𝑑𝑡
) is how fast the conversion is at a specific degree of 

conversion. This is done by calculating the average value for each two 

points and for the endpoints it is the average of the three closest points. 

This gives useful information about how the catalytic effect varies over the 

whole conversion. 

4.2.4. Conversion rate 

The conversion rate is how fast the reactions are for the coal molecules and 

oxidizing agent. This is calculated by introducing a surface reaction model 

𝑓𝑠(𝑋) for the char particles which describes were the reactions occur 

between oxidizing agent and coal and is dependent on the conversion 

degree X. There exist different models that work quite well. The one used 

in this study is called shrinking core model, equation (4.2.3) but there are 

other models such as volumetric or random pore model etc. 

 

Shrinking core 𝑓𝑠(𝑋) = (1 − 𝑋)2/3 (4.2.3) 

 

Conversion rate 
𝑑𝑋

𝑑𝑡
= 𝐾 ∙ 𝑓𝑠(𝑋) (4.2.4) 

 

The 𝐾 in the equation (4.2.4) is called the kinetic constant and is the slope 

of the model, when determine this constant the model is fitted to the first 

0.5X conversion at ten points with intervals of 0.05X. 

4.2.5. Activation energy 

The activation energy was calculated from the slope of the Arrhenius plot. 
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4.2.6. Reactivity vs metal content 

The metal content in the char is plotted against the reactivity to see how the 

catalytic effects changes depending on type of salt and concentration. For 

the biomass char is only the intended metal considered. For lignin chars 

and BL char it is the combined amount of K/Na, this has to do with that 

both of them are in large quantities.  
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5. Results and discussion 

 

5.1. Impregnated biomass 

There were differences in color among the impregnations, see Figure 5. 

Also the particles swelled by the treatment. The density was also altered. 

This was noted when the samples were loaded in crucibles for pyrolysis, 

whereas a constant mass were loaded but the volume differed. Untreated 

pine and the NaCl impregnated sample had seemingly higher density then 

the rest. 

 

 K2CO3 Na2CO3 NaOH NaCl 

1.0M 

 
Figure 5 

Color comparison for the different impregnations 

0.1M 

 

 
Figure 6 

Untreated pine 
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None of the impregnations were sticky but those that had been impregnated 

with 1.0M solutions had got lots of smaller particles. When shaking the 

storage bottles they got stuck to the walls, most likely because of static 

electricity and can be a problem for large scale operations.  

The 0.1M NaOH impregnation created small lumps during the drying 

process and stayed together even after a good shake of the bottle.  

 

Washed lignin Lignin with alkali 

 
Figure 7 

Lignin powders 

 

Figure 7 shows the different lignin powders. Both of these were very finely 

divided like flour and behave accordingly, they were also a little bit moist 

and had distinct smells. The dark alkali rich lignin smelled like cocoa. 

 

Samples of impregnated pine were sent to ALS Scandinavia AB for metal 

analyses to determine Na and K content and are found in Table 2 together 

with the lignin data provided by Innventia. Full reports can be found in 

appendix A4 and A5. 
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Table 2 

Amount of impregnation for each sample 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

K [%] 4,15 0,85 0,01 0,01 0,01 0,02 0,01 

Na [%] 0,01 0,00 1,64 0,59 5,43 0,79 2,36 

 

Type/Ion-

Concertation 

Pine Lignin BL 

- Washed - - 

K [%] 0,05 0,05 1,72 3 

Na [%] 0,00 0,17 7,32 22 

 

5.1.1. Repeatability 

Each impregnation was done twice to make sure that the method used was 

repeatable. The mean value of metal content for each pair and its 

corresponding standard deviation can be seen in Table 3. Tests with 

different particle size for the biomass did not significant change the amount 

of impregnated metal. 

 

Table 3 

Analysis of repeatability of impregnation 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 

Mean  

K or, Na [%] 
4,26 0,83 1,81 0,53 5,28 0,83 

St.dev 0,11 0,02 0,17 0,06 0,16 0,05 
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The highest amount of impregnation was observed for 1.0M NaOH 

solution and the second highest was the 1.0M K2CO3 solution. 

5.1.2. Solutions 

The filtered solutions that were collected had different colors, mostly 

variation of brown shades. The loss of carbon from wood into the solution 

was confirmed by the analysis showed in Table 5. Together with analysis 

of the pine sawdust found in appendix A6 was the percentage of the loss 

calculated. 

 

Table 4  

Analysis of filtered solutions 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

TOC 

[mg/l solution] 
1640 1580 1590 1870 2810 2270 633 

Carbon loss [%] 

(C/C) 
5 4,9 4,9 5,7 8,7 7 2 

 

This indicates the importance of taking necessary measures to recover the 

carbon that is getting in the salt solution especially for NaOH solutions. 

5.2. Chars 

The char yield differed among the samples, Table 5 shows the average 

yield from the biomass samples. Also mass fraction of the useful char after 

sieving is presented here. 

 

Table 5 

Solid char after pyrolysis and sieving 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

Char yield 

[char/biomass %] 
40,92 30,68 34,77 30,11 42,07 32,75 31,48 

Usable char 

[char/produced char %] 
29,04 59,41 59,19 58,76 33,87 55,31 52,27 



23 

 

 

Type/Ion-

Concertation 

Pine Lignin 

- Washed - 

Char yield 

[char/biomass %] 
22,07 26,63 41,64 

Usable char 

[char/produced char %] 
50,19 24,37 12,20 

 

These samples were also sent for analysis to ALS Scandinavia AB to 

determine the metal percentage after pyrolysis. The results can be found in 

Table 6. The full report can be found in appendix A4. Lignin values were 

calculated based on the char yield in Table 5. The equivalent amount of 

K2CO3 or Na2CO3 based on the actual impregnation has also been shown 

for comparison for the wood samples.  

 

Table 6 

Analysis of ash content in char 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

K [%] 14,00 3,04 0,02 0,08 0,04 0,06 0,02 

Na [%] 0,01 0,01 4,72 1,71 11,50 3,07 8,02 

Expressed as eq. 

K2CO3 or Na2CO3 [%] 
24.74 5.37 10.88 3.94 26.5 7.07 - 

 

Type/Ion-

Concertation 

Pine Lignin BL 

- Washed - - 

K [%] 0,23 0,19 4,13 4,8 

Na [%] 0,00 0,64 17,58 35,2 
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5.2.1. Woody chars 

Some of the biomass behaved differently during the pyrolysis. 

The 1.0M K2CO3 impregnation was the only one that swelled and did it 

with 300-400% from the originally volume, therefore only small amounts 

of biomass were loaded in the crucible see Figure 8. It also formed a thin 

and hard shell on the top, the interior consisted of soft and shiny particles 

which was light and dusted around easily. The original structure of the 

biomass could not be seen. When sieved it become clear that there was two 

distinct types of particles. One airy and shiny dust which tended to stuck 

together, the other one looked like normal char. These two different 

particles were stored separated and only the one that looked like char was 

investigated further in the TGA. 

 

M1 before pyrolysis M1 after pyrolysis 

 
Figure 8 

1.0M K2CO3 swells serval times it original volume, the picture to the 

right has been altered in contrast for easier distinguish the char 

against the crucible 

 

1.0M NaOH formed instead one hard piece of char much more like a coal 

briquette with lots of small cavities. The original structure could not be 
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distinguished. With help of a mortar it was milled to the right size before 

sieved. 

 

1.0M Na2CO3 and 0.1M (K2CO3 Na2CO3 NaOH) looked more or less the 

same. They had the same structure as the wood powder but broke apart 

easier than untreated pine. Char particle size was bigger for all of them 

compared with untreated pine of the same size. 0.1M NaOH char were 

little sticky and felt moist when being handled. All of them felt soft when 

using the mortar to get the desired size in the sieve. NaCl impregnated char 

had also lower density than regular wood and had the look and behavior 

like the 0.1M (K2CO3 Na2CO3 NaOH). 

 

The cooling method was changed for the samples impregnated by 0.1M 

salt solutions (K2CO3 and Na2CO3 only) to stop self-ignition. The 

quenching gas was changed from N2 to CO2 in those cases. Especially 

0.1M K2CO3 was highly reactive even after 30min of cooling with N2 it 

ignited. 

5.2.2. Lignin chars 

The two lignin samples behaved very differently, the washed lignin formed 

a shell that was hollow inside with shiny surfaces and the top surface 

looked like it had molten. It looked almost like pyrolysis of BL except that 

the resulting char was harder to mill. 

 

Alkali rich lignin formed a briquette just like 1.0M NaOH but the structure 

is tougher. When the char was milled, it broke down into a fine powder 

much like the original powder. This yielded low amounts of useable char 

for gasification. 

 

Something worth noting was that the crucibles were dirtier after the 

pyrolysis for the washed lignin compared the alkali rich lignin, see Figure 

9. Also the amount of tars and other volatiles that got stuck in the filters in 

the TGA were the highest by far compared to all the tested materials. Same 

observation was made for untreated pine and the impregnated pines where 

the crucible was dirtier for the untreated pine. 
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Washed lignin Lignin with alkali 

 

Figure 9 

Both crucibles has passed through pyrolysis but with different 

materials 

 

5.3. Gasification 

The collected data from gasification have been treated as described in 

section 4.2 and are presented in a series of plots. These plots are generated 

for each temperature to compare the performance between impregnation. 

Also each impregnation is plotted separately with all temperatures for 

easier overview of the temperature dependence. 

 

The BL data used in the plots was collected by Gustav Häggström and 

were added for comparison.[15] Plots without this data can be found in 

appendix A3 and all the raw data in appendix A2. 

 

Each material has been given a sign according Figure 10 and the color tells 

at which temperature the data was collected. The plots sow the average 

data for each experiment. Some of the data points were not used for 

plotting as they resemble the outliers to the trend. 

 



27 

 

 

 

Figure 10 

Color codes for the different temperature and signs for each 

impregnation, filled sign are the 1.0M impregnations while frames are 

0.1M impregnations or untreated pine. 

 

5.3.1. Temperature dependents for each impregnation 

In each figure of this section, subplot A shows the smoothed conversion 

curves, B shows the reaction rate whereas the dashed lines are the fit for 

the model. In subplot C shows the conversion rate over the experiments 

and D is the Arrhenius plots. 
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Figure 11 

Potassium carbonate 1.0M and 0.1M 
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Potassium carbonate 

The higher concentration of potassium had positive effects on the reactivity 

as a whole but it increased the activation energy slightly compared with 

untreated pine. The lower concentration decreased the activation energy 

but did not increase the reactivity as much as the 1.0M impregnation. 

Potassium had also a noticeable effect on the acceleration of the conversion 

rate. This effect decreased at higher concentrations and temperatures, the 

peak of the conversion rate was depending on temperature and amount of 

potassium because none of them occurred at the same conversion degree 

X. 
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Figure 12 

Sodium carbonate 1.0M and 0.1M 
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Sodium carbonate 

For the higher concentration the conversion time increased with the highest 

temperature at 900°C and becomes slower than the lower concentration at 

the same temperature. This might be related to the melting point of the salt 

at 856°C. There is a possibility it form a uniform layer on the surface of the 

char which prevented any reaction with the oxidation gas. 

 

The activation energy increased for both impregnations and the conversion 

rate were more constant compared to potassium, at 0,7 conversion it 

decreased fast.  
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Figure 13 

Sodium hydroxide 1.0M and 0.1M 
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Sodium hydroxide 

The high concentration of sodium hydroxide was the fastest to convert at 

the highest temperature and the conversion rate had a distinguishable 

deceleration at 0,6 conversion. This impregnation had the highest 

activation energy of all the tested materials and therefore the reactivity 

dropped fast with the temperature.  At 750°C the gasification behavior 

become very different from other samples tested and data were not 

following any trend. Therefore, this data were not used when calculating 

the activation energy.  

The lower concentration was more reactive overall except for 900°C and 

the activation energy got lowered and is comparable to the 1.0M 

impregnated sodium carbonate and potassium carbonate. 
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Figure 14 

Untreated pine and sodium chloride 1.0M 
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Pine and sodium chloride 

The untreated pine was not tested at 750°C because of its low reactivity at 

that temperature. For the NaCl impregnated samples, there was a peak of 

the conversion rate at about 0,5-0,6 conversion when the temperature was 

set to 900°C but the reactivity was lower than the untreated pine. This 

showed that a high amount of alkali metals is not the only criterion to have 

high catalytic effect. Perhaps, it was the high amount of oxygen present in 

the carbonates that was responsible for the enhanced effects in reactivity.  
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Figure 15 

 Washed lignin and alkali enriched lignin 
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Lignin powder 

The washed lignin was the least reactive among the samples but had the 

lowest activation energy. The experiment at 850°C was excluded when 

calculating the activation energy because it had large deviation in the 

Arrhenius plot and believed to be an outlier. The reactivity of the alkali 

enriched lignin placed itself in the middle of all samples and the activation 

energy was the second highest. At 750°C the reactivity of the material was 

really low. It was tested once by taking out the sample directly of the hot 

zone of the TGA and it did not react with air.  
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5.3.2. Comparison plots 

The positions of the plots are unchanged from chapter 5.3.1 except for the 

Arrhenius plots where it now shows the reactivity against metal content. 

Represntatively 900°C and 750°C are presented here whereas for the other 

plots at different temperatures can be found in appendix A3. Only the most 

interesting results has been retained for easier comparison with BL. 
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Figure 16 

900°C 
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Figure 17 

750°C 
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A noticeable trend was with increased metal content the reactivity 

increased for potassium carbonate and sodium carbonate except for the 

highest temperature for sodium carbonate. The sodium hydroxide worked 

the opposite way where the lower concentration was more reactive and was 

actually the most reactive of the lower concentrations. At 750°C, BL and 

the higher concentration of potassium carbonate had the same reactivity. 

But at 900°C BL was 2,9 times as reactive compared to the best 

preforming impregnation. Both of the lignin powders had poor reactivity 

compared the impregnated pine. All the observed reactivity’s are 

summarized in Table 7. Be aware that some measurements were accurate 

enough, see chapter 5.3.1 for more detail. 

 

Table 7 

Average reactivity (k) *10
-3

  

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

900°C 24,2 5,0 8,2 12,0 24,7 16,2 2,5 

850°C 12,0 3,1 12,8 4,9 5,4 9,6 1,6 

800°C 7,0 2,1 6,2 3,4 2,8 3,7 1,8 

750°C 3,1 1,4 2,7 2,0 0,4 2,0 1,7 

 

Type/Ion-

Concertation 

Pine Lignin BL 

- Washed - - 

900°C 4,4 2,6 15,3 71,5 

850°C 1,6 0,7 7,8 33,8 

800°C 1,5 1,1 2,9 14,6 

750°C - 0,9 0,1 3,2 
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The calculated activation energies are represented in Table 8. It is to be 

noted that this does not reflect the actual reactivity as the frequency factor 

can affect the reactivity significantly. 

 

Table 8 

Activation energy for each sample 

Kj/mol K2CO3 Na2CO3 NaOH 
 Lignin BL 

 Washed - - 

1Molar 135 149 228  68 174 166 

0.1Molar 86 120 144     

 

In Table 9 the observed times for 90% conversion are presented in seconds. 

This point removes some of the uncertainties that exists at the end of each 

experiment do to the small mass left of the sample. 

 

Table 9 

Average time in seconds for 90% conversion for each sample 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

900°C 81 203 281 105 66 91 380 

850°C 150 319 121 262 330 149 674 

800°C 201 558 227 482 575 341 900 

750°C 475 1012 518 792 1523 773 1070 
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Type/Ion-

Concertation 

Pine Lignin BL 

- Washed - - 

900°C 325 516 93 32 

850°C 939 1694 222 51 

800°C 1072 1351 482 79 

750°C - 1689 8372 351 

 

In Table 10 the measured amounts of ash are presented and they were 

calculated by taking the mean weight from all experiments. This can be 

compared with the analysis in Table 6. The values are comparable to the 

calculated K2CO3 and Na2CO3 values for K2CO3, Na2CO3 and NaOH 

impregnated samples. However, there are unknown ash components which 

were not taken into account for this comparison. Due to the low amount of 

those components in ash made it possible to compare these values. 

 

Table 10 

Average measured ash content 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

Ash [%] 23,37 6,37 10,97 5,10 26,92* 7,42 8,10** 

 

Type/Ion-

Concertation 

Pine Lignin 

- Washed - 

Ash [%] 0,78 3,60 32,15 

 

Two of the impregnations ash content varied with the temperature, either it 

melted and went through the mesh or it reacted with the oxidant. Those 

were 1.0M NaOH and 1.0M NaCl salts. The variance with respect to 

temperature can be found in Table 11. 
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Table 11 

Average ash content depending of temperature 

% * ** 

900°C 22,33 2,53 

850°C 27,28 7,41 

800°C 27,35 7,64 

750°C 30,71 14,46 

 

From the ash contents measured and the analysis from ALS Scandinavia 

AB was the amount of ash free char calculated. For the measured values it 

was assumed that there was no loss of ash. With that was it possible to 

make a prediction on how much char that got trapped with the ashes. As 

can be seen from Table 12 increased the difference between our 

measurements and those made by ALS Scandinavia AB with increased 

impregnation.  

 

Table 12 

Char yield on ash free basis 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

Char yield 

Measured [%] 
31,36 28,73 30,95 28,58 30,75 30,32 28,93 

Char yield 

Based on ALS [%] 35,12 29,68 33,03 29,49 37,14 31,63 28,93 

 

Based on the analysis from ALS Scandinavia AB was the highest increase 

of solid char for 1.0M NaOH with 70%. The extra char yield increases the 

amount of fuels produced from the feedstock. Possibly, some of the carbon 
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reacted with the metal salt and remain trapped in the char and thereby 

increasing the yield. 

The metal to carbon ratio for each sample is found in Table 13. It was 

based on the ALS Scandinavia AB char analysis in Table 6 and the 

assumption that all chars in Table 12 were pure carbon. 

 

Table 13 

Metal to carbon ratio on molar basis 

Type/Ion-

Concertation 

K2CO3 Na2CO3 NaOH NaCl 

1.0M 0.1M 1.0M 0.1M 1.0M 0.1M 1.0M 

M/C 0,04 0,01 0,02 0,01 0,06 0,02 0,04 

 

This showed that the highest theoretical potential for high reactivity went 

to sodium carbonate if considering the maximum ratio between M/C ≈ 0,1 

that Struis[13] discussed and the observed reactivity’s. The higher 

concentration of sodium hydroxide was closest to this limit. 

However, this benchmark is not appropriate as NaCl showed a significantly 

high M/C ratio but resulted in an extremely low reactivity during 

gasification. 
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6. Conclusions 

 

The aim of the project was to look at the effects of impregnating alkali 

metals to pulverized pine on physical appearance and gasification 

reactivity, in hope of get the same benefits as for BL. Also test lignin 

powders provided by Innventia and see how they preforming compared 

with the rest. 

 None of the impregnated biomasses were sticky and minor amounts 

of carbon were dissolved with the impregnation solutions. 

 Increase of solid char (ash free bases) for all impregnations after 

pyrolysis. 

 There was a significant increase in reactivity for the higher 

impregnations of sodium carbonate and potassium carbonate. 

 At 900°C were BL at least 2,9 times as reactive compere to 

impregnated biomass, but at 750°C had the higher potassium 

carbonate impregnation the same reactivity as BL. 

 Potassium carbonate loaded the most metal to the biomass. 

 Sodium carbonates reactivity decreased significantly for higher 

impregnations of metal and high temperatures (900°C) and may have 

to do with melting of the metal. But it also had the highest theoretical 

potential for high reactivity if considering M/C ratio. 

 The sodium hydroxide had lowered reactivity with increased metal 

content at all temperatures except 900°C high activation energy. 

 Despite the high amount of sodium impregnated by the sodium 

chloride there were no noticeable improvements compared to 

untreated pine. 

 The washed lignin reactivity was significantly low (even lower than 

untreated pine) compared to the alkali impregnated. The impregnated 

lignin behaved similar to the less impregnated pine samples. 

However it was not close to BL. 

All the reactivity’s determined in this study were affected by heat and mass 

transfer effects do to large particle size. Therefore, they can be designated 

as apparent reactivity of the samples.  



48 

 

Future work 

Tests with even stronger impregnations are needed to see if the gap can be 

decreased even more at higher temperatures for sodium carbonate and 

potassium carbonate. If more tests are of interest on sodium hydroxide use 

a concentration in between of those used in this study. 

It is expected to use equipment that can handle smaller particle sizes for 

minimizing heat and mass transfer effects. 
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I 

 

A1. Pre studies  

 

Table 1.1 The amount of charcoal left that is bigger than 250μm 

depending of the wood powder size used. 

Wood Powder 300-355μm Mass % 

Total 1,175  

>250 0,161 13,70213 

>212 0,34 28,93617 

Losses 0,512 43,57447 

Wood Powder 355-400μm Mass % 

Total 2,419  

>250 1,484 61,34766 

>200 0,781 32,28607 

Losses 0,154 6,366267 

 

Figure 1.1 Results by paralyzing pine powder in platinum mesh basket 



 

II 

 

A2. Raw data with smoothing curves 

 

 

 

Figure 2.1 Color codes and signs for the different impregnations and 

temperatures 

 

Figure 2.2 900°C 



 

III 

 

 

Figure 2.3 850°C 

 

Figure 2.4 800°C 



 

IV 

 

 

Figure 2.5 750°C 
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A3. Extra plots 

With BL 

 
Figure 3.1 Black liquor 

 

Figure 3.2 850°C 



 

VI 

 

 

Figure 3.3 800°C 

Without BL 

 
Figure 3.4 900°C  



 

VII 

 

 
Figure 3.5 850°C 

 
Figure 3.6 800°C 
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Figure 3.7 750°C 

  



 

IX 

 

A4. ALS Scandinavia AB analysis 

 

Table 4.1. Type of salt and the ion consecration. 

 M1 M2 M3  

 1.0M K2CO3 0.1M K2CO3 1.0M Na2CO3  

M4 M5 M6 M7 M4 

0.1M Na2CO3 1.0M NaOH 0.1M NaOH 1.0M NaCl 0.1M Na2CO3 

 

Table 4.2. Analysis of the first impregnated biomasses. 

ELEMENT SAMPLE Pine M1 M2 M3 M4 M5 M6V2 M7 

TS % 99,3 99,4 100 99,8 100 100 100 100 

Al mg/kg TS <20 <20 <20 <20 <20 <20 <20 <20 

As mg/kg TS <10 <10 <10 <10 <10 <10 <10 <10 

Ba mg/kg TS 3,42 2,59 2,66 2,83 2,48 2,51 2,85 1,06 

Ca mg/kg TS 677 492 398 648 474 489 648 64,7 

Cd mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

Co mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

Cr mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

Cu mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

Fe mg/kg TS 22,1 <10 <10 10,9 10,4 <10 <10 <10 

K mg/kg TS 530 41500 8120 <100 104 106 211 <100 

Mg mg/kg TS 203 45,7 70,8 39,4 92,7 191 176 <20 

Mn mg/kg TS 109 92,5 88,5 97,3 93 89,8 87,4 6,78 

Mo mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

Na mg/kg TS <20 53,1 <20 16400 5870 54300 8780 23600 

Ni mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

P mg/kg TS 38,7 8,58 13,7 8,42 17,2 6,16 9,24 7,01 

Pb mg/kg TS <10 <10 <10 <10 <10 <10 <10 <10 

Ti mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

V mg/kg TS <2 <2 <2 <2 <2 <2 <2 <2 

Zn mg/kg TS 11,3 7,77 6,83 8,35 7,83 1,78 7,41 1,42 

 

  



 

X 

 

Table 4.3. Analysis of the second impregnated biomasses. 

ELEMENT SAMPLE M1V2 M2V2 M3V3 M4V2 M5V2 M6V3 

TS % 97,5 97 97,5 100 98,2 97,3 

Al mg/kg TS <30 <30 <30 <20 <30 <30 

As mg/kg TS <10 <10 <10 <10 <10 <10 

Ba mg/kg TS 2,82 2,64 2,92 2,63 2,74 3,15 

Ca mg/kg TS 336 244 410 451 316 443 

Cd mg/kg TS <2 <2 <2 <2 <2 <2 

Co mg/kg TS <2 <2 <2 <2 <2 <2 

Cr mg/kg TS <2 <2 <2 <2 <2 <2 

Cu mg/kg TS <2 <2 <2 <2 <2 <2 

Fe mg/kg TS <10 <10 <10 <10 <10 <10 

K mg/kg TS 43700 8520 <100 <100 <100 244 

Mg mg/kg TS 36,3 66,6 33,4 86,1 168 161 

Mn mg/kg TS 81,1 76,8 94,2 92,2 75,6 79,4 

Mo mg/kg TS <2 <2 <2 <2 <2 <2 

Na mg/kg TS <30 <30 19700 4740 51200 7870 

Ni mg/kg TS <2 <2 <2 <2 <2 <2 

P mg/kg TS <7 <6 <6 14 <7 <6 

Pb mg/kg TS <10 <10 <10 <10 <10 <10 

Ti mg/kg TS <2 <2 <2 <2 <2 <2 

V mg/kg TS <2 <2 <2 <2 <2 <2 

Zn mg/kg TS 6,05 5,36 5,54 7,5 1,36 5,89 

 



 

XI 

 

Table 4.4. Analysis of used char coals. 

ELEMENT SAMPLE Pine M1 P1M* M2V2 M3 M4 M5 M6V3 M7 

Al mg/kg 45 <50 <50 <60 <50 <60 <30 <40 <50 

As mg/kg <20 <20 <20 <20 <20 <20 <10 <10 <20 

Ba mg/kg 13,9 6,26 5,13 8,86 8,96 9,73 6,49 9,15 3,92 

Ca mg/kg 2820 1070 871 1340 1900 1740 1120 1950 247 

Cd mg/kg <4 <4 <5 <5 <4 <5 <3 <3 <4 

Co mg/kg <4 <4 <5 <5 <4 <5 <3 <3 <4 

Cr mg/kg <4 <4 <5 <5 <4 <5 <3 <3 <4 

Cu mg/kg 7,88 <4 <5 9,09 9,37 9,92 <3 3,22 4,25 

Fe mg/kg 55 46,2 27,2 127 87,1 152 37,6 84,5 40,7 

K mg/kg 2320 140000 180000 30400 <200 819 391 583 234 

Mg mg/kg 856 103 110 256 104 319 438 543 55,9 

Mn mg/kg 384 211 173 313 291 342 222 274 23,4 

Mo mg/kg <4 <4 9,31 <5 <4 <5 <3 <3 <4 

Na mg/kg <40 104 161 74,4 47200 17100 115000 30700 80200 

Ni mg/kg <4 <4 <5 <5 <4 <5 <3 <3 <4 

P mg/kg 227 22,4 21,6 47,4 22 55,2 14 30,1 22,2 

Pb mg/kg <20 <20 <20 <20 <20 <20 <10 <10 <20 

Ti mg/kg <4 <4 <5 <5 <4 <5 <3 <3 <4 

V mg/kg <4 <4 <5 <5 <4 <5 <3 <3 <4 

Zn mg/kg 42,4 34,2 15,8 32,8 30 29,9 5,21 27,2 8,27 

*Metal, the more shiny char. 
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A5. Lignin powders provided from Innventia 

 

Table 5.1 Lignin analysis provided from Innventia 

   
Alkali enriched 

lignin 
Lignin 

Moisture % as received 38,2 39 

HHV MJ/kg dry basis 20,7 27,4 

LHV MJ/kg dry basis 19,77 26,19 

C % dry basis 51,8 66,3 

H % dry basis 4,3 5,6 

N % dry basis 0,08 0,1 

S % dry basis 2,4 1,8 

Cl % dry basis 0,09 < 0,01 

Na % dry basis 7,32 0,17 

K % dry basis 1,72 0,05 

O % dry basis 32,29 25,98 

Ash % dry basis 26,4 0,5 
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A6. Analysis of pine 

 

 Unit Method Pine 

Moisture content wt.%-w.b. SS 02 81 13-1 5.2 

Ash 550 ºC wt.%-w.b.  0.5 

High Heating Value MJ/kg-d.b.   

Elementary composition    

Carbon wt.%-d.b. SS-EN 15104:2011 52.0 

Hydrogen wt.%-d.b. SS-EN 15104:2011 6.4 

Nitrogen wt.%-d.b. SS-EN 15104:2011 0.17 

Oxygen (difference) wt.%-d.b. 100- (C+H+N+ash) 40.93 

Ash analysis    

SiO2 wt.%-d.b. ICP-SFMS 0.118 

Al2O3 wt.%-d.b. ICP-SFMS 0.0239 

P2O5 wt.%-d.b. ICP-SFMS 0.0092 

TiO2 wt.%-d.b. ICP-SFMS 0.00093 

K2O wt.%-d.b. ICP-SFMS 0.0442 

Na2O wt.%-d.b. ICP-SFMS 0.00713 

CaO wt.%-d.b. ICP-SFMS 0.111 

MgO wt.%-d.b. ICP-SFMS 0.0392 

Fe2O3 wt.%-d.b. ICP-SFMS 0.0166 

MnO wt.%-d.b. ICP-SFMS 0.0141 

 


