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Abstract 
The increased use of fossil fuels during the last centuries has caused elevated levels 

of carbon dioxide in the atmosphere. There is significant evidence that this is the 

cause of global warming. To mitigate the global warming, measures has to be taken 

to use renewable fuels and make processes more efficient. 

Catalytic gasification and downstream upgrading of synthesis gas is a promising 

technology for biofuel production, where previous research in black liquor 

gasification is currently expanding into a wider fuel feedstock. 

This work focuses on co-gasification of black liquor and by-products from other 

biofuel production technologies. The interesting by-products were crude glycerol 

from biodiesel production and spruce fermentation residue from ethanol 

production. The main goals were to study if the fuels can mix homogeneously and 

study the char reactivity. CO
2

 char gasification for mixtures of black liquor and 

glycerol or fermentation residue respectively was studied using thermogravimetric 

analysis (TGA) for four temperatures between 750°C and 900°C. 

The results show that glycerol can be mixed in all proportions with black liquor and 

indicate that the char reactivity is unchanged. The sustained char reactivity for 

blends is attributed to the volatility of glycerol. The fermentation residue does not 

produce a homogeneous mixture with black liquor and the char is less reactive. 

More studies should be performed to further elucidate the validity of the results. 

Sammanfattning 
Den ökade användningen av fossila bränslen har under de senaste århundradena 

orsakat förhöjda nivåer av koldioxid i atmosfären, med betydande bevis för att detta 

är orsaken till den globala uppvärmningen. För att minska denna, måste åtgärder 

vidtas för att övergå till förnyelsebara bränslen och göra processer mer effektiva. 

Katalytisk förgasning och nedströms uppgradering av syntesgas är en lovande 

teknik för produktion av biobränsle, där tidigare forskning inom svartlutsförgasning 

nu expanderar till en större bränslebas. 

Detta arbete är inriktat på samförgasning av svartlut och biprodukter från 

produktion av biodrivmedel. De intressanta biprodukterna var råglycerol från 

biodieselproduktion och en jäsningsrest av gran från etanolproduktion. Målen var 

att studera om bränslena kan blandas homogent med svartlut samt att studera 

koksreaktivitet. CO
2

-koksförgasning studerades med hjälp av termogravimetrisk 

analys (TGA) vid fyra temperaturer mellan 750 och 900°C med blandningar av 20 

och 40 % glycerol i svartlut och 20 % fermentationsrest i svartluten. 

Resultaten visar att glycerol kan blandas i alla proportioner med svartlut och 

indikerar att koksreaktiviteten är oförändrad. Den oförändrade koksreaktiviteten för 

blandningar tillskrivs glycerolens flyktighet. Jäsningsresten blandar sig inte 

homogent med svartlut och koksen är mindre reaktiv. 

Fler studier bör göras för att ytterligare klarlägga giltigheten av resultaten.  
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1 Introduction 
The world at large can be viewed upon as the world’s largest chemical reactor 

containing all the materials and energy cycles that are either anthropogenic or non-

anthropogenic. One cycle that has gained attention is the carbon cycle and 

especially the part where carbonaceous material is being transferred from fossil 

storages to the atmosphere as the green-house gas CO
2

. The long cycle time of 

several million years is reduced to just a few centuries, causing the effect called 

global warming (1). 

A related cycle which is the core for the growth of the human population is the one 

for energy. A large part of all the energy sources distributed on the earth has the 

origins from solar radiation, either directly or indirectly through mechanical energy 

or stored as chemical energy in bonds. The chemical energy is closely related to 

organic molecules, such as fossil or biomass fuels. Combustion of fossil fuels links 

energy to increased carbon dioxide emissions. To mitigate global warming, two 

important areas should be focused on; to decrease the use of fossil fuel and make 

processes more energy efficient (1). 

Biofuels position themselves as an option for energy carriers. One problem with 

most raw biofuels is that they are dispersed on a large area and the energy density 

is low (2). If the fuel is to be used for transportation it is important that the energy 

density is increased and the ash content reduced to minimize operational problems. 

Liquid or gaseous transportation fuels are more easily transported and distributed 

than solid counterparts. Two ways of producing liquid fuels from biomass sources 

are biological fermentation into ethanol and transesterification of fats and oils to 

produce biodiesel. Biodiesel production generates about 10 % residual crude 

glycerol with high ash content, making it problematic for direct use as a fuel (3). 

Second generation ethanol production from lignocellulosic biomass generates a 

lignin rich residue which needs to be valorized for the economics of a production 

plant (4). 

Thermal processes are often used as a last resort for energy recovery. In the case of 

combustion, waste can be turned into useful energy as heat and electricity. Another 

thermal conversion technology for biofuels is gasification. The fuel is converted to 

synthesis gas by a thermal process, where the fuel is partially oxidized to carbon 

monoxide and hydrogen (5). The gas can then be passed through catalytic steps to 

produce fuels suitable for vehicles or other value-added chemicals. 

The recycling of materials and energy are of major importance for the economics in 

the paper and pulp industry (6). The Swedish company Chemrec has developed a 

technology for pressurized entrained flow gasification of black liquor produced as a 

by-product in kraft pulping industries. The alkali ash content of black liquor acts as 

a catalyst, resulting in better conversion at lower reaction temperatures. The 

technology has been proven for black liquor and is currently being developed for 

new fuels. 
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1.1 Objective 
The purpose of this work was to evaluate crude glycerol and lignocellulosic 

fermentation residue for co-gasification with black liquor. The study was limited to 

mixing properties and char reactivity in a lab scale setting. 

The aim was to: 

 Determine if the fuels produce a homogeneous mix with black liquor 

 Determine the char reactivity for mixtures of crude glycerol and 

lignocellulosic fermentation residue with black liquor 

The results will be used for R&D work on the LTU (Luleå University of Technology) 

owned pilot scale black liquor entrained flow gasifier in Piteå (formerly owned by 

Chemrec). Today this gasifier is used for research regarding catalytic gasification of 

black liquor and other biomass feedstock. 

2 Background 
This section contains the background for questions regarding crude glycerol, 

lignocellulosic fermentation residue, gasification in general and catalytic gasification 

in particular. 

2.1 Crude glycerol 
Today, biodiesel is produced all over the world. The feedstocks are mainly vegetable 

oils and methanol that are transesterified by an alkaline catalyst to produce fatty 

acid methyl esters (FAME), which is the biodiesel, and the by-product crude glycerol. 

In the production, about 10 wt-% of the original feedstock ends up as crude glycerol 

(7). Depending on the production method used, this crude glycerol has a varying 

chemical composition. Homogenous alkali catalyzed biodiesel production is one of 

the most common methods used. This means that a strong base (e.g. NaOH or KOH) 

is mixed with methanol prior to mixing with the oil. The crude glycerol contains 

glycerol, residual methanol, unseparated FAME, free fatty acid (FFAs), soaps, 

glycerides, alkali hydroxides and water of varying proportion. Analyses (8) show that 

glycerol is a minor fraction (about 30-40 %) of the crude glycerol; water, soaps, 

residual methanol and un-separated FAME fractions are in total larger. In another 

study conducted by Thompson and He (7) regarding the composition of crude 

glycerol, the glycerol content was about 60-70 % and the methanol content up to 

17 % by weight. 

Different types of catalysts (sodium hydroxide, potassium hydroxide, sodium 

methoxide and potassium methoxide) for biodiesel have implications on the crude 

glycerol (9). Methoxide gives a crude glycerol without soaps since no water is 

formed and side reactions occur to less extent. For a hydroxide catalyzed reaction, 

the yield of biodiesel is around 85-90 %. For the methoxides, the biodiesel yield is 

>98 %, meaning the crude glycerol is going to be purer in terms of soaps and fatty 

acids as they are better converted to FAMEs. 
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The market for crude glycerol has been saturated from the increasing production of 

biodiesel, making the once valuable crude glycerol a waste problem (10). Quispe et 

al (3) has summarized data regarding the economics revolving crude glycerol, 

stating that the price of one quality of crude glycerol has dropped to 44 USD/ton  as 

a consequence of biodiesel production. The publication reports a price of 125 

EUR/ton in 2006. Some studies claim that biodiesel producers are stockpiling crude 

glycerol because the price is too low (11). 

Crude glycerol has been studied for combustion and co-combustion (12). The 

results show that it would be possible, but material corrosion could be a problem. 

One concern for glycerol combustion is the production of acrolein, a partially 

oxidized hazardous species originating from glycerol. Results also showed that the 

levels of acrolein were lower than the accepted health limit for the combustion trials. 

Wei et al (13) co-gasified crude glycerol with hardwood chips in a downdraft gasifier, 

showing that mixtures of up to 20 % crude glycerol produced a syngas with low tar 

amounts suitable for internal combustion engines.   

2.2 Lignocellulosic fermentation residue 
Another by-product from biofuel production is the fermentation residue from 

ethanol production. When the raw materials are from crop residues or wood, the 

residue will be lignin rich (14). The fermentation residue contains various amounts 

of cellulose, hemi-celluloses, lignin and yeast, depending on the feedstock and 

pretreatment method used. Since it is important to valorize all parts of the biofuel 

production it is interesting to see what this residue can be used for (4). One such 

route is to gasify the material and produce syngas. Feeding of powders can be 

problematic, especially if the powders are fibrous. Pressurization, static electricity 

and agglomeration of particles in feeding systems are a few of the challenges. For 

some coal gasifiers, the fuel is made into a slurry suitable for pumping (15). Another 

way would be to liquefy or dissolve the material since liquids are more easily 

transported and pressurized. When lignin rich sugarcane bagasse was treated in an 

alkaline solution, 121°C for 1 h was enough to partly dissolve the lignin (16). 

Sannigrahi and Ragauskas determined the lignin content of 4 different fermentation 

residues from lignocellulosic materials (Mischantus, Red Maple, Switchgrass and 

Hybrid poplar) (14). Pretreatment method and source of the materials were not 

disclosed. The main component was lignin (50-75 %) which is approximately 3 times 

the concentration in the raw biomass. 

2.3 Gasification and its applications 
Gasification is the conversion of a carbonaceous fuel feedstock to produce an 

energy rich gas. In the general definition this includes pyrolysis gases, partial 

oxidation and hydrogenation reactions. The modern approach and common 

definition of gasification is partial oxidation of the fuel to produce synthesis gas, 

also called syngas, wood gas or producer’s gas. The syngas is a composition of the 

combustible gases hydrogen and carbon monoxide in various ratios (17). The 

oxidant can be air, pure oxygen, steam or carbon dioxide. To produce the heat 

needed for reactions, there are two types of gasification; autothermal, where a part 
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of the fuel inside the gasifier is fully oxidized to produce heat and allothermal, 

where the heat is provided from external sources. Autothermal gasification is the 

most common one. 

There are different types of gasifiers, divided roughly into three categories based on 

the reactor configuration; fixed bed gasifiers, fluidized bed gasifiers and entrained 

flow gasifiers. The difference between them lays in the mode of operation and 

operating temperatures (2). 

 

Figure 1. Schematic picture of an updraft fixed bed gasifier (18). 

Fixed bed gasifiers used to be a common sight in Europe and Sweden during the 

Second World War, when fuel imports were scarce and wood had to be used. They 

were integrated to cars, trucks and even motorcycles to produce a gas substitute for 

gasoline. Many old people still remember the “Gengasaggregat” as it was called in 

Swedish. The gasifier consists of an enclosed reactor where solid fuel is fed from the 

top, dropping down on a bed of fuel oxidized by air as can be seen in Figure 1. The 

updraft gasifier and other types of fixed bed gasifiers are simple setups mostly used 

for small scale applications. There are large scale fixed bed gasifiers, for example 

the Lurgi gasifier used in the SASOL coal gasification process, producing synthetic 

fuels for the South African market (15). One problem with the most common type, 

up-draft gasifiers, is the production of tar, making the gas cleaning and downstream 

use of the synthesis gas more complicated (2). In a down-draft gasifier, the flow of 

syngas is in the other direction, through the char bed. This gives little tar 

production, since the pyrolysis gases are cracked in the hot region (2). 

The fluidized bed gasifiers have an active or inactive medium fluidized by a gas 

stream from the bottom, see Figure 2. The medium both stores heat and aid the 

heat transfer to fuel particles for the gasification reactions. The solid mixing is good 

and the temperatures are more or less constant, compared to those of the fixed bed 

gasisfier (15). 
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Figure 2. Example of a fluidized bed gasifier (15). 

One problem with fluidized bed gasification is the loss of fluidization, usually 

caused by sintering or agglomeration of bed particles. This limits the use of 

fluidized bed gasifiers for ash rich fuels, since ash melting cause agglomeration of 

the bed particles. The gasifier could be operated at temperatures below the melting 

temperature, but this produces more tar and methane emissions which are 

problematic for further use of the synthesis gas (2). 

The last type of gasifier is the entrained flow gasifier, which is of most interest for 

this work since the Chemrec gasifier technology is of this type. A schematic figure 

of the type is seen in Figure 3. The fuel is sprayed into the hot gasifier, forming 

small particles that undergo drying, pyrolysis and char gasification. These particles 

are entrained by the flowing gases, meaning that the particles follow the flow of the 

gases. There is a partial recirculation flow of syngas back to the burner area, 

increasing the time for conversion of the char where conditions are better for 

endothermic reactions. For coal gasification the temperatures are usually up to 

1600°C along with pressures reaching 4-5 MPa. There are two different operating 

modes, either slagging or non-slagging mode. The slagging mode means that the 

ashes are molten and flow along the reactor wall. For the non-slagging mode, the 

temperature is kept below the sticking temperature of the ash. The highly corrosive 

ashes would degrade most materials and metals in particular. Reactor walls are 

therefore covered with a refractory material, withstanding the ashes better. The 

refractory ceramics still wears out and need to be replaced during maintenance. The 

type is widely used for coal gasification, with slurries of coal being pumped to the 

reactor (15, 17). There are also developments to gasify biomass powders such as 

raw and pretreated stem wood and forest logging residue at SP-ETC in Piteå (19) and 

of a pyrolysis oil/biochar slurry at KIT (Karlsruhe Institute of Technology) (20). 

The Chemrec black liquor gasifier (Figure 3) operates at around 1050°C with a 

pressure of approximately 3 MPa in slagging mode. Because the viscosity of black 

liquor is high at room temperature it has to be preheated before pumping. An 

important part of the gasifier is to recover the inorganic chemicals from the black 

liquor; therefore ashes are recovered as green liquor in a water quench and returned 

to the pulp mill. The reaction temperatures can be kept lower than coal and other 
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biomass because of catalytic properties attributed to the black liquor ash. The aim 

of the pilot plant is to demonstrate the concept of the black liquor gasification 

technology for production of methanol or dimethyl ether (DME). 

 

Figure 3.Chemrec pressurized entrained flow gasifier (21). 

2.4 Alkali catalyzed gasification 
Catalytic gasification has been of interest for a long time, it has been known for over 

a century that the reactivity of coal increases with addition of alkali (22). In the 70s 

and 80s a lot of effort was put in to study alkali addition to different types of fossil 

coals for gasification. It was concluded that alkali has a catalytic effect and that the 

carbonate and oxide ashes are forming complexes with the char surface (23, 24). 

When it comes to biomass fuels, there has been research interest in the area of 

black liquor gasification. A big difference between black liquor and alkali saturated 

coal is that the alkali is dispersed on a molecular level in the black liquor. The alkali 

forms chemical bonds with the different components as opposed to the physical 

mixing methods used for coal. This gives a char reactivity of one magnitude larger 

for the black liquor chars compared to chars with equal loading of alkali (25, 26). 

Sources state that the alkali content in black liquor is more than is needed to give a 

catalytic effect (25). When mixing with coals, 15 % black liquor seems to be the limit 

for constant catalytic activity (27). There are studies of mixing black liquor with 

pyrolysis oil (28), which are presently being tested in pilot scale.  

Thermogravimetric studies has previously been performed for gasification of black 

liquor (26). Black liquor char was gasified in CO
2

 at temperatures between 600°C and 

800°C. The article contains an interesting discussion of adding CO to the N
2

 during 

pyrolysis (char production) in order to suppress reactions forming volatile Na, which 

result in a smaller loss of the catalyst Na. SEM-EDX analysis show that sodium is well 

distributed in the black liquor char, possibly explaining the high catalytic activity. 

In previous work by Andersson et al. (29), the techno-economic aspects of blending 

pyrolysis oil (PO) into the black liquor and the subsequent catalytic conversion into 

methanol was studied. By adding PO, the production volumes of methanol increases 
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at the same time improving the plant economy and plant efficiency (overall 

efficiency decreases if pyrolysis oil production is taken into account). Results show 

that 25 % PO doubles the amount of methanol produced and a 50/50 mix gives a 

250 % increase of methanol production. A price of PO less than 90€/MWh makes 

this route an interesting investment compared to only black liquor gasification. 

Experimental studies has concluded that BL mixtures with between 20-30 %  of PO 

cause lignin precipitation because of lowering of the pH (30).  
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3 Materials and method 
In this chapter, the materials, the experimental setup and methods are described. 

3.1 Materials 
BL: Black liquor 

CG: Crude glycerol 

FR: Fermentation residue 

BG20: 80 % BL mixed with 20 % glycerol on mass basis 

BG40: 60 % BL mixed with 40 % glycerol on mass basis 

BFR20: 80 % BL mixed with 20 % spruce FR on mass basis 

3.1.1 Black liquor 

Black liquor is a major by-product from the kraft paper process. In the pulping 

process, the raw wood is cooked with sodium hydroxide and sodium sulfide in order 

to separate the cellulose fibers by dissolving the lignin in the wood. For every ton of 

pulp produced, about 7 tons of raw black liquor is produced at a solid content of 

approximately 15 % (10 % organics and 5 % inorganics). The inorganic species are 

mainly NaOH, Na
2

CO
3

, Na
2

SO
4

 and Na
2

S. Since the cooking chemicals are valuable 

they need to be recovered. This is done by combustion and ash recovery in a 

Tomlinson boiler. To produce a combustible fuel, the raw BL is concentrated by 

water evaporation (6). From here on, this concentrated, highly viscous BL with a 

solid content of 65-70 % is referred to only as black liquor (BL).  

The black liquor used in this work came from Smurfit Kappa in Piteå that produces 

around 2000 ton of BL per day. A portion of this BL is delivered to the LTU Green 

Fuels pilot gasifier and samples from this stream was stored in plastic Nalgene 

containers in a fridge at 4°C until used for the experiments. The BL was analyzed by 

SP for elemental composition, moisture content and ash content. This BL had a 

moisture content of 24.4 %, ash content on dry basis of 52.5 %, and a higher heating 

value (HHV) of 9.76 MJ/kg (wet fuel). The elemental composition for this BL is 

reported on dry basis in Table 1. 

  



9 

 

Table 1. Ash content and elemental composition of dry BL. 

Black liquor (dry 

basis) 
[wt-%] 

Ash 52.5 

C 30.7 

H  3.7 

O* 35.9 

N 0.07 

S 5.7 

Na 20.6 

K 3.12 

Cl 0.19 

* oxygen by difference O = 100 - 

(C+H+N+S+Cl+Na+K+Al+Ca+Mg+Fe+Mn) 

 

3.1.2 Glycerol 

In this work, two different qualities of glycerol have been used. Crude glycerol was 

prepared in lab scale to compare with chemically pure glycerol. The crude glycerol 

was used for studying the mixing properties with BL. Crude glycerol (CG) was 

produced by transesterification of rapeseed oil together with methanol using 

sodium hydroxide as a catalyst. 500 ml of rapeseed oil was transesterified with 104 

ml methanol together with 3 g of NaOH. The mixture was stirred for 12 h and then 

allowed to settle for 24 h before separating the glycerol layer. A total volume of 

100 ml crude glycerol was prepared this way. It was dried in an oven at 105°C, 

evaporating residual methanol and water. The amount of water and methanol was 

43 %, assumed to be all water in the calculations. The prepared CG was also used for 

comparisons with pure glycerol to justify the use of pure glycerol in the reactivity 

experiments. The compared parameters were higher heating value and char yield. 

The two qualities of glycerol are similar in higher heating value and char yield (with 

a difference less than 10 % as reported under the results section 4.2 Yields). Pure 

glycerol has a higher heating value of 18.0 MJ/kg and the prepared CG 18.5 MJ/kg.  

In the reactivity studies, chemically pure glycerol was used (VWR Chemicals Glycerol 

bidistilled 99.5 %) 

3.1.3 Ethanol fermentation residue 

When 2
nd

 generation ethanol is produced by fermentation of wood, the unconverted 

celluloses, hemicelluloses, lignin, ash and yeast is left as a residue. Since woody 

biomass cannot be fermented directly, it has to go through various pretreatment 

methods before the actual fermentation. In this work, the residues were prepared by 

the Biochemical Process Engineering group at LTU. The spruce was prepared by 

hydrothermal treatment with dilute sulfuric acid (pH 1.6 - 1.8) at 212°C for 4-8 min 

and the solid fraction was fermented with Saccharomyces cerevisiae. The solid 

remainder obtained after fermentation is here considered as the fermentation 

residue. It was received as a dried filtrate and stored in glass containers before the 
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experiments. The brown residue consisted of agglomerated small particles, 

indistinguishable from each other and homogenous in appearance (no visible 

fibrous structures). The sample was analyzed for lignin, cellulose and ash according 

to a procedure developed by NREL (National Renewable Energy Laboratory) (31). The 

lignin content was 56.7 wt-%, cellulose 28.6 wt-% and ash 0.35 wt-%. 

3.1.4 Preparation of mixtures 

The liquid mixtures were prepared by mixing with a hot plate magnetic stirrer. The 

BL was heated to approximately 80°C to lower the viscosity before mixing. The 

mixtures were stirred until a homogenous mixture was obtained. The mass of the BL 

was based on wet BL as received, the glycerol was dry. For the initial studies of 

mixing, blends comprising equal amount of BL and pure glycerol (BG50) or crude 

glycerol (BCG50) were used. Two mixtures of BL and glycerol were prepared for the 

gasification trials, BG20 and BG40, the numbers reflecting the fraction of glycerol. 

The solid spruce FR was grinded and sieved to a size <63 µm. Before mixing, the FR 

was wetted with distilled water to simplify the mixing. The mixture was prepared so 

that the water content was slightly above to that of pure BL, in this case close to 

35 % making it easier to work with. One mixture of BL and spruce FR was prepared, 

BFR20. The mass of the BL was based on wet BL as received; the mass of FR was dry. 

3.2 Equipment 
The main part of all the work was carried out with a furnace (Figure 4) located in the 

lab belonging to the Energy division at LTU. It consists of a 10 cm diameter steel 

tube with an electrically heated section of 45 cm, the top of the furnace had a 

quenching section with cooling nitrogen gas. The furnace was equipped with a 

precision scale (± 1 mg, A&D instruments FZ-120i-EC) used for isothermal 

thermogravimetrical analysis (iTGA). From the scale a wire was hung to connect it to 

a crucible or mesh basket. The scale was connected to a computer and the weight 

was logged into a spreadsheet with a frequency of 2 Hz. At the bottom of the 

furnace there was a gas inlet for premixed and preheated gases. The preheater 

heated the gases to 200°C; the major part of the heating was completed in the 

furnace. A K-type thermocouple was attached from the bottom with the tip 

positioned just below the basket, so that the actual temperature could be measured. 

The exhaust was connected to a vacuum pump. 
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Figure 4. Schematic view of the furnace used for the experiments. 

3.3 Char preparation 
In an actual gasifier, drying, pyrolysis and gasification occur directly after each other 

and also simultaneously between different particles. To evaluate the char 

gasification kinetics, the particles has to be small enough to remove the effects of 

heat and mass transfer. Since the fuel is liquid and swell during pyrolysis the steps 

had to be separated in order to reduce the particle size and control the size 

distribution. 

The char was produced by lowering a 30x30 mm round alumina crucible loaded with 

a sample, into the furnace that was preheated to 630°C and had a 100 % CO
2

 

(supplied at 5 l
n

/min) atmosphere. The mixture was pyrolyzed until no further 

weight loss could be detected, occurring after approximately 4-5 min. The crucible 

was then raised into the quenching section and was cooled by N
2

 for 5 min before 

removal. The weight was recorded before, during and after the pyrolysis. CO
2

 was 

used to mimic the conditions in an actual gasifier and to shift the equilibrium of a 

reaction that otherwise would result in the loss of the catalyst through reduction 
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and evaporation of Na
2

CO
3

 (26). The temperature was kept low enough to avoid 

gasification reactions. 1-2 g of liquid mixture was pyrolyzed in each batch, 

producing a swollen shell of char to be further processed. Figure 5 depicts the steps 

and method for char preparation and gasification used in this work. 

 

Figure 5. Steps for char preparation and gasification. 

When enough char had been produced for a particular fuel mixture, it was lightly 

crushed in a mortar, sieved in a vibrating sieving machine (Retsch AS200) and 

collected between 250 and 300 µm. This size was assumed to be small enough to 

minimize the heat and mass transfer limitations during gasification, according to 

data for coal combustion in figure 25.12 on page 585 in (32). Another reason for 

not using smaller sizes was because of the mesh size of the Pt-wire basket used for 

gasification experiments. A few char samples were also studied with a Retsch 

Camsizer XT to verify the size distribution. The analysis for one of these is 

presented in Figure 6, with the peak at 280 µm. 
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Figure 6. Size distribution of char sample collected between 250-300 µm. 

3.4 Char gasification 
The char gasification reaction was performed in a fine platinum mesh basket with a 

mesh opening size of 220 µm. Platinum had to be used since the molten ashes are 

highly corrosive and break down most other materials. Pure CO
2

 was used as the 

gasification agent and four different temperatures of 750, 800, 850 and 900°C were 

studied. Pure CO
2

 was chosen as the oxidation agent because the CO
2

 concentration 

is easy to control, and it also gives an indication of the steam gasification kinetics.  

The temperatures were chosen to cover a wide span including the ash melting 

temperature between 750 and 800°C. At least three different temperatures has to be 

used for the analysis of the kinetics. The basket was built with a flat bottom area of 

3 X 3 cm and low edges to minimize the difficulty for transfer of gases. Each sample 

consisted of 60-80 mg char particles that were evenly spread out on the basket. The 

furnace temperature was adjusted so that the correct temperature was given from 

the thermocouple. The basket was then lowered manually down into the furnace and 

the recording of the weight started. After the gasification had finished the ashes 

were removed and recorded for weight and color. Each experiment had two repeats 

to estimate the reproducibility of the results. 

3.5 Conversion and kinetics 
For a combustion reaction in general or gasification in particular, the mass is 

expected to decrease. Usually the mass loss looks something like the depiction in 

Figure 7. The rate of mass loss is usually dependent on the mass itself, causing the 

behavior of exponential decay; this is further elaborated later in this section (about 

the function f(x)). 
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Figure 7. Idealized mass loss for gasification, normalized to arbitrary mass and time scales. 

First of all when the data was analyzed, it was normalized to give the conversion, X. 

 𝑋 =
𝑚𝑖 −𝑚

𝑚𝑖 −𝑚𝑓
, (1) 

where m is the instantaneous mass, m
i

 is the initial mass and m
f

 is the final mass 

(ash mass). This was done in order to remove the effects of mass differences and 

present the data on ash free basis. 

The time derivative of the conversion is called the conversion rate. A model for the 

conversion rate can be expressed as 

 
𝑑𝑋

𝑑𝑡
= 𝑘(𝑇, 𝐶𝑔) ∙ 𝑓(𝑋), (2) 

with t for time, k is the kinetic constant which is dependent of temperature T and 

the gas partial pressure C
g

 for a particle under kinetic control (disregarding mass 

and heat transfer). f(X) is a model explaining the conversion on the char surface. 

This model can either be a structural model or an over-all model also explaining for 

example catalytic effects. The gas composition and pressure was kept constant in 

this work, meaning that C
g

 is constant and k is only dependent on temperature. 

A kinetic constant that is solely dependent on temperature can be explained using 

the Arrhenius equation, 

 𝑘 = 𝐴 ∙ 𝑒𝑥𝑝 (−
𝐸𝐴
𝑅𝑇

), (3) 

where A is the pre-exponential factor, E
A

 is the apparent activation energy and R the 

gas constant. 
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The most simple structural model for f(x) is the volumetric model, which assume an 

even distribution of the reaction throughout the volume of the particle (33), thus 

also assuming a conversion or mass loss that has an exponentially decaying 

behavior. The model is expressed as 

 𝑓(𝑥) = (1 − 𝑋), (4) 

meaning that the conversion rate is directly related to the conversion. This model 

was chosen since it is the simplest model available and if a simple model can be 

fitted it is more advantageous since less computational power is needed for the 

evaluation.  

3.6 Data treatment and analysis 
The data was analyzed with scripts developed in MATLAB, following a similar 

method to what was described in (34). Since the collected weight data contained 

some noise, it was necessary to filter it before further analysis. The filtering was 

performed with a smoothing method. The method filters the data by local 

regression using weighted linear least squares and a 2nd degree polynomial model 

(known as “rloess” in MATLAB).  Statistical outliers are removed if the data lays more 

than 6 mean absolute deviations away.  

The noise removal was checked by replotting with the original experimental data. 

Some samples had an obvious drift in the end of a run, probably due to unstable air 

in the laboratory, making it necessary to adjust the filtering for each experiment. 

The smoothing is showed for one sample in Figure 8. An example of the MATLAB 

code used for the data treatment can be found in the Appendix. 

 

Figure 8. Example of the smoothing of data for a run. 

To evaluate the gasification rate, the average of the first 5 to 50 % of conversion was 

assumed to represent the characteristic conversion, this method has extensive 
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previous use (35–37). It can be seen in Figure 8 that the conversion between 0 and 

50 % can be described linearly. Also, since catalytic behavior can change with 

increasing concentration of ash, it was deemed devious to model the last part. The 

conversion data was then used to produce a linear fit for the conversion rate k (from 

Eq. 2) at different temperatures together with the volumetric model (Eq. 4). A code 

example for this can be found in the appendix. 

3.7 Model verification 
When all modelling was done, the models were compared to the experimental data. 

The model constants for E
A

 and A from the Arrhenius plot was used for calculating 

the conversion rate at the different temperatures using equation 3. Equation 2, 

together with equation 4 (the volumetric model) was integrated to yield the 

expression 

 𝑋 = 1 − 𝑒𝑥𝑝(−𝑘𝑡), (5) 

 which was then plotted with the experimental data to show how the model behaves. 
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4 Results 
In the following section, the major results of the work are presented. 

4.1 Mixing study 
There were in total three different materials used in the mixing studies with black 

liquor; pure glycerol, crude glycerol produced by the researcher and spruce 

fermentation residue. 

The pure glycerol and CG behaved very similar when mixed with BL. Both produced 

a homogeneous mix in all compositions with black liquor and also lowered the 

viscosity considerably. Although no viscosity measurements were made, they were 

compared qualitatively. The mix with pure glycerol was the one with the lowest 

viscosity. At 20°C and 20 % Glycerol the mixture had a viscosity closer to glycerol 

than BL, similar to what pure BL had at 80°C. When poured, the mix ran with a 

consistent flow. The trend was even more pronounced for 40 and 60 % of glycerol. 

The mixture of CG with BL had a slightly higher viscosity and ran a little bit 

differently when poured. This mixture ran with a more non-newtonian behavior, and 

it looked like it has lumps sometimes although the mixture was homogenous. 

The spruce FR did not dissolve in BL at 20°C or at an elevated temperature of 80°C. 

The addition of water up to 35 % did not increase the solubility.  For the gasification 

trials FR/BL slurry was made. The slurry with 20 % FR was non-homogenous and ran 

thicker than pure BL at tested temperatures up to 80°C. 

4.2 Yields 
The mixtures produced various amounts of char when pyrolyzed at 630°C. In Table 

2 they are presented on dry fuel basis. It can be seen that BL produced the largest 

amount of char, while pure glycerol produced the least. 

Table 2. Char yields and ash content in char for pure substances and mixtures, the average and 

std. dev. was calculated for at least three repeats. 

Material 
Avg. char yield*  

[%] 

Std. Dev 

[%] 

Ash content in char 

 [%] 

Std. Dev 

[%] 

BL 66 1.1 73 1.8 

Pure glycerol 0.1 0.1 0.0 0.0 

Crude glycerol 8.9 1.0 - - 

Spruce FR 31 0.8 - - 

BG20 47 0.5 72 2.8 

BG40 37 0.8 73 3.3 

BG50 25 1.1 - - 

BCG50 47 1.0 - - 

BFR20 64 0.1 58 1.8 

* Yields are reported on dry fuel 

 

The char yields were significantly different for the two qualities of glycerol, with 

almost no char for pure glycerol and close to 9 % for the CG. 
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The mixtures behaved a little different from a linear trend between substances. The 

BG50 produced about 8 % less char than can be expected for a linear interpolation 

between pure substances. The trend was somewhat inconsequent for lower blends 

of glycerol, with BG40 at 3 % less and BG20 6 % less. On the other hand, the crude 

glycerol mix BCG50 produced about 9 % more char than expected for a linear trend. 

The spruce FR had a fixed carbon content of 31 %. BFR20 shows similar to the CG an 

increase of fixed carbon content for the mixture compared to a linear trend. 

The ash content (Table 2) in the char was calculated through the measured weights 

before and after gasification. For black liquor the ash content in char was 73 %. This 

gives an ash yield of 49 % (calculated through the char yield on dry fuel), which is 

low compared to the analysis data of 52.5 %. For the BG20 and BG40 the ash content 

in char was 72 and 73 % respectively. This indicates that the chars are similar to the 

BL char. 

4.3 Char gasification 
The char gasification of BL at different temperatures is presented in Figure 9. Two 

runs for each material are shown, giving an understanding of the conversion rates 

and reproducibility. The data was modelled for the first 50 % of conversion and a 

fitted line was made for each experimental run. The expression –ln(1-X) of the y-axis 

correspond to the linearized volumetric model. It can be seen that the conversion 

rate increased with an increasing temperature with smaller and smaller differences 

for higher temperatures. It was noted during the experiments that higher 

temperatures produced a cleaner ash with little or none residual carbon. A clear 

difference can be made for gasification at 750°C vs higher temperature as the ash 

was molten for all temperatures except the lowest. 
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Figure 9. Conversion curves for BL char gasification at four different temperatures and two 

repeats at each temperature. The data was transformed to the volumetric model and lines were 

fitted to show the ideal model fit. 

Char gasification of BG20 is very similar to the one of pure BL, with the general 

trend being the same for increase of gasification temperature. In Figure 10, the 

same type of plot as the one for BL is presented. The lowest ones for 750°C (blue 

markers) were more deviating from each other than what can be seen in Figure 9 for 

BL. One sample took a longer time to convert. 
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Figure 10. Conversion curves for BG20 char gasification at four different temperatures and two 

repeats at each temperature. The data was transformed to the volumetric model and lines were 

fitted to show the ideal model fit. 

For BG40, again the results are similar. Four repeats were made for BG40, but some 

data were overlapping for the 800°C and 850°C temperatures and removed from the 

figure for clarification. All four repeats where used in modelling and making of the 

Arrhenius plot. Looking at Figure 11, the data follows the trends outlined for the 

previous samples. The gasification rates for BG40 look similar to those of BL and 

BG20. 
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Figure 11. Conversion curves for BG40 char gasification at four different temperatures and two 

repeats at each temperature. The data was transformed to the volumetric model and lines were 

fitted to show the ideal model fit. 

The black liquor and fermentation mix BFR20 was analyzed at 800, 850 and 900°C. 

At 750°C samples showed no mass loss for 700 s, but a slight mass increase for one 

sample and no change for the other and it was decided to exclude that temperature 

for BFR20. It can be seen that the gasification rates are slower than the glycerol 

mixtures with approximately 2-3 times longer time for 50% conversion at all 

temperatures. 
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Figure 12. Conversion curves for BFR20 char gasification at four different temperatures and two 

repeats at each temperature. The data was transformed to the volumetric model and lines were 

fitted to show the ideal model fit. 

To further elucidate the results and compare them with each other, an Arrhenius 

plot was made in order to get parameters for the kinetics of the reaction. 
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Figure 13. Arrhenius plot for the char gasification. Points represent data from experiments and 

the fitted line shows the correlation between them.  

The rates previously determined were used to determine the temperature 

dependence of the rate constant. The temperature 750°C was excluded from 

modelling because it showed a slower than expected behavior for a linear trend, 

indicating that the gasification works with another mechanism at lower temperature. 

This can be seen in the lower right corner of Figure 13, the data points lay further 

down than a linear extrapolation. From the Arrhenius plot, a lot of information can 

be extracted. The two samples BL and BG20 are similar when it comes to apparent 

activation energy (represented by the slope of the fitted line) and the pre-

exponential factor (the intersect with the y-axis if it were to be plotted). The 

activation energy for BL and BG20 are 161 and 169 kJ/mol respectively. For BG40 

the activation energy is 104 kJ/mol. There is one probable outlier for BG40 at 800°C, 

without it the slope for BG40 would be 117 kJ/mol. The data for BL and BG20 are 

similar to what have previously been published about BL and pyrolysis oil mixtures 

(154 kJ/mol for BL) (28). Judging from these graphs, the experimental error and 

variability in the data explain more variation than the fitted lines. This indicates that 

the reactivity is similar for all samples of BL, BG20 and BG40. For the mixture with 

fermentation residue (BFR20) it can be seen that the reactivity is lower when noticing 

the lower position in the graph. The apparent activation energy of 117 kJ/mol 

indicates that it is fast, but the pre-exponential factor (intersect) is lower, meaning 

that it is slower at the tested conditions.  
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4.4 Model validation 
The obtained parameters can be used to validate the model in regard to the original 

data. The validation of the model for BG20 is presented in Figure 14 for conversions 

up to 100 %. The original data are plotted together with the model for the 

temperatures 750, 800, 850 and 900°C, although the Arrhenius relation used in the 

modelling doesn’t use the 750°C data. It can be seen that the model fits better for 

some cases, but it has limited use after 60 % conversion for the lower temperatures. 

At 900°C it works within 10 % up to full conversion, but for the lower temperatures 

the fit is worse. The model wasn’t fitted for 750°C, and it can be seen that the actual 

reactivity is lower than what would be expected if the higher temperature model is 

used. 

 

Figure 14. Model validation for BG20, points show the experimental data and the lines show 

modelled responses. 
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5 Discussion 
This following part will contain discussion about the results from experiments. 

5.1 Mixing studies 
Both qualities of glycerol produce a homogenous mix with BL, indicating that the 

catalyst is as dispersed in the fuel as the parent BL. That the fuel mixes at 

temperatures up to 80°C indicate that it will still be homogenous at higher 

temperatures closer to the burner. Decreasing viscosity with increasing amounts of 

glycerol is reasonable. The lower viscosity of the mixtures makes the pumping 

easier and liquid properties different. This might have implications when it comes to 

atomization in burner nozzles depending on if the difference in viscosity also can be 

observed at higher temperatures.  

For the spruce FR, the results of mixing are less promising. Some of the lignin was 

most likely dissolved in the mixture, but a major part of solids was still left. If the 

fuel is solid it probably needs much more pretreatment with milling and wetting 

before mixing with the BL. Increased pretreatment usually involves a higher 

consumption of electrical power and heat. A slurry mix also comes with more 

considerations in all levels of handling. This slurry has to be possible to pump, 

which has proved difficult in some cases for coal slurries (15). Care must be taken to 

avoid agglomeration and settling of particles in pipes and equipment. Burners 

probably have to be optimized for this type of fuel, since it is more viscous and 

most likely doesn’t atomize the same way as BL. For the case of FR, increased 

temperatures has been shown to be beneficial since more lignin can be dissolved 

(16). To evaluate the spruce FR better, it would be interesting to find methods to 

dissolve the material before or while mixing.  

One limitation of the results from the mixing study is that the experiments were 

conducted at atmospheric pressures and lower temperatures than the actual 

conditions. The temperature was kept below 80°C due to water evaporation and 

volatile gases from the black liquor that would cause experimental problems. 

5.1.1 Comparison of pure and crude glycerol 

The comparisons were conducted to justify the use of pure glycerol for the 

gasification experiments. Looking at the char yields it can clearly be seen that the 

qualities are quite different. For mixing it is not strange that two hydrophilic 

substances BL and glycerol mix. Initially there was a concern that lignin precipitates 

would form, similarly to what has been observed for mixing with pyrolysis oil. Pure 

glycerol and CG produced by homogenous alkali catalysis has a neutral to alkaline 

pH, making it more suitable for mixing. The results from gasification experiments 

conducted in this study are probably more applicable to a somewhat refined crude 

glycerol. If soaps can be removed easily by water evaporation and filtration, then the 

alkali that is left would pose no problems for the process of mixing and gasifying. 

The crude glycerol would probably be refined after all, because residual methanol in 

the crude glycerol should be recovered before the gasification since the end product 

would be methanol anyhow. It is not necessarily bad to have soaps in the glycerol. 

Since crude glycerol contains alkali on a molecular level in the soaps, similar to 

alkali in the structure of BL, the catalytic activity might be there even without BL.  
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5.2 Yields 
The inconsistency of char yields for the glycerol mixtures might be explained by 

loss of material during pyrolysis. It was noticed that the char swells more for the 

mixtures than the pure BL. It is not a far-fetched thought that the mixtures were 

flash boiling, causing a loss of material. To evaluate this, the devolatilization should 

be observed through optical access and not through just the mass loss. This 

thought is supported by the fact that all of the mixtures had equal amounts of ash 

in the char. If one assume that this is the case, all the gasification experiments were 

conducted on chars that are very similar since the glycerol just evaporated during 

pyrolysis. 

It was noted that the ash yield for BL was lower than the analysis results from an 

external laboratory. This is probably because of the different methods and 

temperatures used. The ashes in the trials reported here are from the measured 

residual mass after gasification, as a mean from the different temperatures. It is 

previously known that sodium evaporates from the char, causing less ash. The 

errors are also propagated through the chain of devolatilazation and gasification 

steps.  

For the fermentation residue it is clear that the char has a considerable amount of 

fixed carbon. The results in this study indicate char yield slightly above what 

previously has been reported for softwood (38), 31 % compared to 26 %. BFR20 

showed similar to BCG50 a higher char yield than the linear trend, which might 

indicate that some of the material is more closely bound to the black liquor. A 

theory that has formed is that chemically bound sodium holds some of the carbon 

instead of releasing it as volatiles. If that is true, some increased catalytic 

gasification activity should be present. The reason could also be that higher 

concentration of aromatics, as lignin mixtures have, yields more char due to 

recombination of aromatics into larger and larger clusters of graphite. 

Previous studies (39) of BL pyrolysis show that increased pyrolysis pressure gives a 

higher char yield at temperatures above 800°C. The reason for this was mainly 

attributed to better retention of Na in the char. This should be in mind when 

comparing different operating conditions. 

For both CG and FR mixtures it would be interesting to study the chars with SEM 

coupled to EDX for a more thorough evaluation of sodium dispersion in the chars. 

5.3 Char gasification 
The gasification of BL, BG20 and BG40 were very similar and the differences in 

reactivity are not significant. Judging from the previous discussion about the 

volatility of glycerol and how the ash content is the same, this is not strange; it just 

bluntly means that BL char was gasified in all runs. If one looks at it from a more 

optimistic point of view, it means that BL and glycerol can be co-gasified the same 

way as BL is gasified now. For the fermentation residue mixture, the results are not 

as promising as the glycerol mixtures. However, the lower reactivity of BFR20 might 

be altered if the fermentation residue can be dissolved into the black liquor, where 

the catalytic Na has a chance to attach to functional groups in the structure.  
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There might be some difference in the prepared char, because the different 

mixtures swell in different amounts, where BFR20 swells the least followed by BL, 

BG20 and BG40 swells more and in that order. Before the crushing and sieving of 

char, it was noticed that samples with more swelling produced a more fragile char. It 

was assumed that the heat and mass transfer effects was minimized for the selected 

particle size, but if this is not the case, a more fragile and thus porous particle 

would react faster. 

The low activation energies for BG40 and BFR20 indicate that there could be mass 

transfer effects present, which also might be the case for the other mixtures as well. 

To further evaluate this, more experiments has to be made. 

The limited time of the experiments made it necessary to perform few repeats. Few 

repeats make it hard to perform any meaningful statistical analysis, which should be 

included in further studies. 

One limitation of the results is that it is the char reactivity that is studied. This 

doesn’t say anything about the gas phase gasification reactions. To evaluate those, 

drop tube furnace (DTF) and gas analysis experiments has to be conducted. There, 

the gaseous species can be determined, perhaps especially acrolein. Acrolein is a 

concern for combustion at a too low temperature, when full conversion of glycerol is 

not achieved. It may be important for gasification as well since the atmosphere has a 

sub-stoichiometric oxygen level, making it more likely to have partially oxidized 

glycerol in the gas phase. For combustion, the main concern is the health aspects of 

acrolein, but this unsaturated species could also cause problems in gasification due 

to reactions to form benzene which can further polymerize into soot. 

5.4 Model validation 
The experimental data was fitted to the volumetric model, but other models can also 

be used. The volumetric model is an overall model that is very simple. The shrinking 

core and random pore models both assume that the char particles deform in a 

certain way. The shrinking core model assumes an intact ash structure and a core of 

carbon that is shrinking (40). The random pore model (RPM) assumes a growing 

pore structure and pore-pore interaction (41). The random pore model has 

previously been used for BL models (28). At higher conversion, the increased ash 

concentration can have both increased catalytic effects and inhibiting effects. This is 

tricky to model because it is largely dependent on how the ash behaves in the 

structure. If pores are assumed to exist, gas diffusion in and out from the pores is 

important. The ash can form a layer inside pores resulting in a higher surface area 

with catalyst than if ash is blocking the pores. In one way, the RPM is better because 

it has a fitting parameter that can be adjusted for the individual cases, before the 

structural behavior is known. The fitting parameter can also be adjusted for an 

accelerated conversion rate compared to the volumetric or shrinking core model, 

possibly making it more suitable for also modelling catalytic activity beyond just a 

structural model for which it was originally developed as. 

Looking at Figure 14 it can be seen that the model does not fit well for higher 

conversion. It is still a good model for getting some kinetic parameters for 
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evaluation, but more experiments has to be conducted for producing a model with 

good prediction capability. 

5.5 General discussion 
At the same time as this study was conducted, Andreas Johansson (Energy Division 

at LTU) has, in his master’s thesis, evaluated the techno-economic aspects of co-

gasifying black liquor with crude glycerol and fermentation residue (42). The results 

from this study indicate that a lower quality CG with more soap would be better for 

methanol production; mainly due to the fact soaps have a higher energy density 

than glycerol. These results also justify that further experiments should be 

performed with crude glycerol. 
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6 Conclusions 
Many different ideas have arisen during the course of the project, perhaps mostly on 

how things can be done better experimentally. The goals have been reached and the 

major conclusions from the project are: 

 Black liquor mixes with pure and crude glycerol in all proportions. 

 Spruce fermentation residue doesn’t dissolve in black liquor at temperatures 

up to 80°C. 

 The char reactivity is the same for mixtures of black liquor and glycerol up to 

40 % glycerol. 

 The char reactivity is lower for a slurry mixture of black liquor and 20 % 

spruce fermentation residue.  

 The volumetric model predicts the char gasification rate up to approximately 

60 % conversion, for higher temperatures it fits better than for lower 

temperatures. 

7 Future recommendations 
To get a better picture of the gasification properties more studies should be 

conducted in the field of: 

 SEM coupled to EDX studies to evaluate the distribution of sodium in the char 

 Experiments using crude glycerol from actual biodiesel production, with 

different qualities and soap content. 

 Find ways to dissolve fermentation residue into the black liquor for more 

homogenous mixing. 

 Study the gasification in a DTF to see if the volatiles gasify in the gas phase. 

 Study the gasification rate using a micro-TGA for better resolution and 

analysis options. 
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Appendix 1: Matlab codes 
Matlab script example for analysis of raw data.  

 

 

  

%% TGA experiments analysis script 

  
% initial, interval and conv are variables that can be changed for 

analyses 
% of different parts of the raw data (parts of conversion), the current 
% setting starts collecting data after 5 % in intervals of 5 % up until  
% 50 % conversion is finished. The variables are stored in 'conv.mat' 
initial=0.05; 
interval=0.05; 
conv=0.5; 
save('conv.mat','initial','interval','conv') 

------------------------------------------------------------------------ 
%% 750 C Column B Raw data 

% This section was iterated for all experimental runs and temperatures 
 

% xls_start is the start number for a run 
% xls_end is the end number for a run 
% xls_col is which column to take data from 

% Temp is the temperature for this particular run 

 

  
clc 
clear all 

  
xls_start=7; 
xls_end=288; 
xls_col=2; 
Temp=750; 

  
% The raw data was loaded from the excel file 'BG20_Gasifications.xlsx'  

% and saved into the variables gas and org 

  
load_gas=xlsread('BG20_Gasifications.xlsx','Original data'); 
gas=load_gas(xls_start:xls_end,xls_col); 
org=gas; 

  
% t is the time data from experiments 
% g stores the filtered data after the 2nd degree local polynomial 

fitting 
% using the 'rloess' method which also includes outlier removal 
t=(0:2:length(g)*2-2)'; 
gas=smooth(x,gas,0.35,'rloess'); 

  
% X and X_raw are the normalized filtered and raw data 
X=1-((gas(1:end)-gas(end))./(gas(1)-gas(end))); 
X_raw=1-((org(1:end)-org(end))./(org(1)-org(end))); 

  
%plots are made to verify the data fit during filtering of the data. 

  
%plot (t,X); 
%hold on 
%plot(t,X_raw); 
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Continuation from the previous page 

  % the following section extract data using the values stored in 
% 'conv.mat' to further use it for model fitting and plotting. An 

relative 
% error value of 4 % was used to stop at around 50 % conversion, since 

the 
% normalized values would not stop at exactly 50 % 
% The extracted data is then stored in new variables zz and x12 

  
ss=0; % indexing variable 
load('conv.mat') 
for w=initial:interval:conv 
  for kk=1:length(X) 
   if abs(w-X(kk))<=0.04 
      ss=ss+1; 
      X12(ss)=X(kk); 
      t12(ss)=t(kk); 
   break 
   end 
  end 
end 

  
% variables are transposed to the right type of vector 
X12=X12'; 
t12=t12'; 

 
% the data is transpose to the volumetric Model 
yaxis=-log(1.-X12); 

  
% Fitting 
% kave is the slope of a linear fit to the equation system Y=kave*X 
% in this case Y are the measured values transformed to the reaction 

% model and the X values are the times. modely are the modeled responses 

% for the time data 
xaxis=t12; 

  
kave=xaxis\yaxis 
modely=t12*kave(1); 

  
y=[yaxis modely]; 
x=xaxis; 
% The values for experimental data and model are plotted in a graph  
plot(xaxis,yaxis,'kd','MarkerFaceColor','blue','MarkerSize',8); 
hold on 
plot(xaxis,modely,'k--','linewidth',1) 
 

% the average slopes are stored in a file for later used in Arrhenius 

% plotting. 

save('k_750_1.mat','kave','Temp') 
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This next script takes the analyzed values to produce an Arrhenius plot. 

 

 

%% 
clc 
clear 
i=0; 

 
load ('k_900_1'); 
i=i+1; 

  
ln_k(i)=log(kave); 
T_inv(i)=1/(Temp+273); 

  
plot(T_inv,ln_k,'x'); 
hold on 
 

% this code was repeated for all temperatures, plotting and storing the 

values in ln_k and T_inv as it goes along 

% ... ... until the last sample: 

 
load ('k_800_5'); 
i=i+1; 

  
ln_k(i)=log(kave); 
T_inv(i)=1/(Temp+273); 

  
plot(T_inv,ln_k,'x'); 
hold on 

 
ln_k=ln_k'; 
T_inv=T_inv'; 

  
% EdivR contains the slope and intersection for the fitted line (linear 

fit, 1st order) to the % Arrhenius plot 

EdivR=polyfit(T_inv,ln_k,1); 

  
xmodel=linspace(T_inv(1),T_inv(end)); 
ymodel=EdivR(2)+EdivR(1).*xmodel; 
 

% The fitted line is plotted 
plot(xmodel,ymodel,'k:') 

  
xlabel('1/T (1/K)','FontName','Times New 

Roman','fontsize',14,'fontweight','b') 
ylabel('ln K','FontName','Times New 

Roman','fontsize',14,'fontweight','b') 


