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“Biomass gasification is just like chess, only without the dice” 

-Adapted from Lukas Podolski  
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Abstract 

Gasification seeks to break carbonaceous materials into synthetic gas (CO+H2) which can 

be subsequently upgraded into valuable products. Thus gasification can be utilized to convert 

low grade biomass stocks into carbon-neutral chemicals heat and power. Nonetheless, 

gasification produces tar and soot as a by-product, impurities which deposit on cold surfaces 

thereby risking operation downstream of the gasifier. Tar and soot should preferably be addressed 

already in the gasifier. Alkali elements have long been shown to possess a catalytic activity on 

char gasification, besides they have also been associated with a decrease in tar and soot. Yet, to 

design a functional alkali-enhanced gasification process we need to investigate in more detail on 

what exact products does alkali show an activity on, on what stage, under what circumstances 

and, on the measure that it is possible, the mechanism. This was investigated on the basis of 

experimental work that approached the topic from two opposite sides. On the one hand, we 

studied the effects of diluting the alkali content of a Na-rich black liquor (BL) by blending it 

with pyrolysis oil (PO), and on the other hand, we investigated adding various amounts of alkali 

into more conventional types of biomass fuels. Most of the experiments were conducted on a 

laminar drop tube furnace but the reactivity of black liquor chars was also studied through 

thermogravimetric analysis. 

Alkali was found to catalyse heterogeneous gasification reactions (e.g. char) and to lead to 

much lower yields of C2 hydrocarbons, heavy tars and soot, favouring the presence of lighter 

species over large aromatic clusters. Alkali was hypothesized to reduce the quantity of soot by 

inhibiting the formation and growth of PAH, key intermediates on the road to soot. Besides, it 

was found that the initial contact between the alkali and the organic matrix of the biomass was 

not critical, neither for gas impurities nor regarding char conversion, suggesting that the activity 

of alkali was a gas-induced phenomenon. The indicated implied the existence of a vaporization-

condensation cycle that could supply alkali into the char. Nonetheless, the beneficial effects by 

alkali were impaired by the affinity of silicon to capture potassium to form potassium silicates. 

This interaction effect was particularly noticeable on char conversion as the silicates are not only 

inert but also liquid and viscous and prompt to encapsulate the char particles, thereby limiting 

mass transfer.  

The experiments with blends of black liquor (BL) and pyrolysis oil (PO) showed that the 

concentration of alkali in BL could be decreased by 30% without any sign of a decrease in the 

catalytic activity on char gasification, thus indicating the existence a saturation threshold for 

activity of alkali. Furthermore, adding PO into BL lead to a further reduction on the quantities 
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of tar, this finding was attributed to changes in the fuel structure unrelated to alkali. In any case 

the experiments with BL-based fuels showed lower amounts of tar and soot than those from 

alkali-impregnated biomass powder. The difference was partially attributed to the content of 

sulphur in BL. The subsequent investigation targeting the role of sulphur confirmed that it indeed 

possessed a soot- inhibiting role, similar to that of alkali, yet unlike alkali, sulphur did not show 

a catalytic activity on char gasification. 
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1 Introduction 

This chapter presents biomass gasification, exposing not just its potential but also some important 

operational challenges. Thereafter, the motivation for exploiting the properties of alkali elements to improve 

biomass gasification is given and some alkali-enhanced gasification processes that are strongly connected to 

the thesis are presented. The chapter closes by formulating the research questions that guided the thesis. 

1.1 Biomass gasification 

Fossil resources have fuelled the development of the industrial society. The relentless 

utilization of fossil carbon has, however, come at the cost of doubling pre-industrial 

concentrations of CO2 and ultimately destabilizing the climate of the planet[1]. In recent years, 

action on sustainable energy has peaked up. Renewable technologies such as photovoltaic and 

wind power are increasingly substituting fossil-based generation of electricity and other 

sustainable alternatives may contribute to that in the future. However, the options to address the 

emission from the transport sector are fewer. One of them is to progressively substitute fossil-

based liquid fuels with biomass-derived fuels. Biomass is abundant and available world-wide but 

it is, also a limited resource which should be exploited sustainably with a view in improving 

resource efficiency. Biomass gasification it is a promising technology to do so. Gasification seeks 

to break complex carbonaceous material into a mixture of gases that can be upgraded to valuable 

products. Thereby representing a feedstock-flexible and product-flexible way for upgrading low-

grade residues into a range of high value products.  

Gasification, is in essence, a combustion in which the supply of oxygen is limited. In 

consequence, the formed gaseous products are not completely oxidized and retain a high 

chemical potential. The resulting gas, often called raw syngas or producer gas, is a mixture of 

CO2, CO, H2O, H2, CH4 among other gaseous species, it also includes various amount of 

impurities, such as tar and soot. The raw syngas gas can be either directly combusted for energetic 

purposes in kilns, gas engines, gas turbines etc. or otherwise refined and utilised for synthesis 

chemistry to generate for instance liquid fuels. Only the CO and H2 in the raw syngas are suitable 

for utilization in synthesis chemistry, thus the term syngas (short name for synthesis gas) refers 

more precisely to the CO and H2 in the gas. 

In gasification (and in combustion) there coexist two main technologies: fluidized bed 

gasification (FBG) and entrained flow gasification (EFG). While both technologies are broad 

concepts that allow for multiple gasifier designs, the two possess distinctive traits which will be 

described below. For a deeper review of the multiple designs that have seen the light of the day, 
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the reader is redirected elsewhere [2]. The common element in fluidized bed gasification is the 

existence of a bed of particles (typically mineral particles such as silicon oxide or olivine) which 

is kept in motion (e.g. fluidized) by a high velocity flow of gas (typically the oxidizing gas itself). 

The function of this bed is to enhance mass and heat transfer between the different regions and 

products of the gasifier and thereby improve the overall conversion rate of the fuel. This is an 

important task given that in gasification exothermic and endothermic reactions take place 

simultaneously. The existence of a bed of particles imposes the operating temperature be below 

the melting point of the fuel ashes. Otherwise, there is the risk that the bed agglomerates into a 

formidable, yet extremely undesirable, single block. This means that ash-forming elements with 

low melting points (for example alkali) are often not welcome in fluidized bed gasification. In 

general, fluidized bed gasification is typically the choice for solid fuels that cannot be easily 

pulverized, in this case, the relatively large size of the fuel particles means that the overall 

conversion rate is limited by heat and mass transfer (see chapter 2), therefore improving the 

physical mixing of the fuel is more effective than increasing the temperature. In contrast, EFG 

gasification is conceived for gaseous, liquids and pulverisable fuels. The distinctive trait of 

entrained-flow reactors is that the fuel is atomized into the reactor and it becomes entrained in 

the gas stream, hence its name. The small size of the fuel particles/droplets cause a very rapid 

devolatilization of the fuel and the formation of a flame by the subsequent oxidation of the 

volatilise. The fuel residence time in EFG (of the orders of a few seconds) is much shorter than 

that characteristic of fluidized bed gasification (of the orders of a few minutes). The shorter fuel 

residence time of EFG combined with the possibility of pressurization makes an entrained-flow 

reactor much more compact than the fluidized-bed equivalent. Unlike fluidized bed gasifiers, 

EFG often operate in the slagging regime. This regime seeks to evacuate the ash by letting it 

flow down the walls of the reactor. Consequently, the presence of fluxing agents such as alkali 

are desirable. The main advantages of EFG are a) that they are very compact and therefore they 

are suitable for large scale applications and b) that the raw syngas is cleaner than what would 

come out of fluidized bed. The disadvantages are associated with the higher operating 

temperatures deriving into higher requirements for the construction materials as well as lower 

CGE. 
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1.2 Operation of a gasifier 

The operation of a gasifiers targets two different activities; on the one hand it has to convert 

the organic fraction of the fuel into clean syngas as efficiently as possible, the reason for the 

existence of gasifiers, while on the other hand it has to ensure that all the inorganic material 

leaves the reactor causing, on the way, the least amount of trouble. This thesis is relevant 

regarding the first set of activities. The reader is referred to Charlie Ma’s thesis [3] for a detailed, 

yet, comprehensible investigation on the phenomena involving the inorganic side of an entrained 

flow reactor gasifier. 

Most gasifiers operate autothermally, this means that the operating temperature (or 

analogously the operating heat) is obtained by oxidizing a fraction of the fuel. The extent of the 

fraction that is oxidized is determined by a parameter called lambda. Lambda is the ratio of the 

amount of O2 that is fed into the gasifier to that required for a stoichiometric combustion. IN 

such way, lambdas above one are characteristic of combustion and imply that some O2 is left in 

the exhaust gas. On the contrary, gasification is conducted at lambdas well below one. The 

distribution of products of a gasifier is inevitably linked to lambda on the one hand because of 

mass balance considerations (higher lambdas means more O is present in the system) but also 

because lambda carries implicitly a temperature effect on kinetics and thermodynamics. It may 

be instructive to look at the behaviour of a gasifier as a function of lambda.  

 

Figure 1 Qualitative diagram illustrating some relevant products and parameters of gasification as a function of lambda.  
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As it can be seen in figure 1 at low lambdas the gasifier tends to produce solid char, light 

hydrocarbon gases and tar, reducing the amount of carbon that ends up in syngas. On the 

contrary, at very high lambdas most of the energy in the fuel is converted into heat, thereby 

limiting the chemical potential remaining in the gases. At this point it is convenient to introduce 

the concept of cold gas efficiency (CGE), the main indicator of the energetic performance of 

gasifiers. The CGE is defined as the ratio of the chemical energy in the syngas to that in the 

incoming fuel. Where, syngas may refer exclusively to CO and H2 if the motivation for 

gasification is chemical synthesis or to the totality of the produced gas if it is otherwise utilised 

for energy purposes. The operation of a gasifier is an optimization problem, which attempts to 

find a compromise between CGE and the formation of gas impurities while simultaneously 

fulfilling other important technical requirements, the most important of which is ash removal. 

These requirements have derived into two main operating windows: the non-slagging window 

operating at low temperatures (800 to 900°C) and the slagging window doing so at much higher 

temperatures. The non-slagging window is generally exploited by FBG at around λ =0.25. In 

this this region tar formation is the main challenge and it can jeopardise the continued operation 

downstream of the gasifier. On the contrary, the slagging window, is normally used by entrained-

flow gasifiers (EFG). In slagging EFG, the exact operating temperature strongly depends on the 

viscosity of the molten ashes. Thus, it can be as low as 1000°C for black liquor (BL) to as high 

as 1500 °C for coal. At this temperature range the formation of soot is the major threat. A quick 

glance on figure 1 may lead to the impression that in general FBG outperforms EFG, yet it needs 

to be borne in mind that an EFG reactor is much smaller than the equivalent FBG design and 

consequently EFG offers up-scalability advantages. Thus, EFG are usually large-scale units found, 

for instance, in the petrochemical industry for revalorizing the bottom fractions of the crude. 

It is palpable that the operation of gasifiers is a challenging task which often leads to 

suboptimal results. However, it is known from previous experience in both lab-scale devices but 

also in full-scale gasifiers that the presence of alkali elements in the fuel promotes char conversion, 

reduces tar and soot formation and decreases the viscosity of ash. All these effects align in the 

direction of allowing expanding the operating window of EFG towards a colder regime, 

ultimately enabling a cleaner gas with better CGE.  

1.3 Overview of the design of an entrained-flow gasifier 

Because of the divergent impact that alkali has on EFG and FBG this thesis is written 

mainly with slagging EFG in consideration. Thereafter, the description of the reactor design 

focuses on one specific design of EFG, which is optimized to handle black liquor. In this design 
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the fuel and the oxidant streams are co-current and injected from the top. The injector is 

designed to atomize the fuel into very small droplets. In this way the fuel undergoes a rapid 

devolatilization near the injection zone and the volatiles gases subsequently combust with the 

supplied oxidant. The oxidant agent can be air or alternatively pure oxygen. The latter option is 

the choice when the syngas is aimed for chemical synthesis as in such case having a nitrogen-

diluted flow is unfavourable. Oxygen-blown gasification can result in very high local 

temperatures nearby the flame front. However, the flow regime in this type of reactors is 

extremely turbulent with noticeable recirculation flows and thus the temperature and velocity 

fields are extremely heterogeneous. As the fuel progressively converts into gas the remaining 

inorganic residue deposits and flows down the walls of the reactor as a molten slag. A singular 

feature of this design is the existence of a water quench at the bottom of the reactor through 

which the gas is bubbled out of the gasifier. The objective of this quench on the one hand is to 

cool (quench) the gas and slag before they come into contact with the downstream equipment. 

The other objective is to dissolve the molten ash slag and wash the gas off any traces of inorganics 

entrained in the gas. The objectives of the quench are further accomplished in a subsequent 

counter current gas cooler, which also acts as a scrubber. This design, including the quench and 

the gas cooler ensures that virtually all the inorganic material is captured and that the syngas 

remain free of inorganic aerosols 
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Figure 2 Configuration of the BL EFG reactor with the quench and the gas cooler. Source [4]. In the case of BL gasification, 
the effluent of the quench, receives the name of green liquor and is returned to the pulp mill to recycle the pulping 
chemicals. 

1.4 Alkali-catalysed gasification  

Alkali elements are well-known to catalyse char gasification[5–10] and there is also 

evidence of their beneficious effect on tar and soot[11,12]. One of the earliest concepts of alkali-

catalysed gasification was the development of the Exxon process. The process was envisioned in 

the 70s amid the attention that the coal-to-liquids route received following the first oil crisis. 

The process saw the construction of pilot gasifier in Bayton, Texas. The usage of potassium 

carbonate as a catalyst in the gasifier enabled the operating temperature to be as low as 650 °C 

[13,14]. Unfortunately, the operation suffered from unsatisfactory recovery of the catalyst 

thereby having to continuously add alkali into the system to make up for losses, this combined 

with the collapse of the oil price at the end of the second oil crises led to the discontinuation of 

the project. This experience set, however, a precedent for alkali-catalysed gasification. During 

that period, a lot of fundamental research on alkali-catalysed char gasification was conducted. 

Most of the knowledge on alkali-catalysed gasification still dates to then. More recently, 

stemming from sustainable grounds, gasification has broadened the focus to include biomass. 

Biomass differs from coal, among other things, in that biomass contains a much higher amount 

of volatile matter (80-95% in biomass vs. 10-40% in coal). Consequently, with the change of the 
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focus from coal to biomass there is also a shift of the critical phenomenon from char gasification 

(rate-limiting step in coal conversion) to volatiles’ chemistry in biomass conversion. Chapter 2 

develops this point further, presenting it together with the relevant theory and the research gaps 

in literature. Notwithstanding, it was important to anticipate the change of focus of gasification 

before presenting the objectives of the thesis. Similarly, it may also be important to introduce 

some examples of alkali-catalysed gasification that are connected to the work carried out in this 

thesis. 

1.4.1 Black liquor gasification  

Black liquor (BL) is a by-product of the pulping industry, containing the wood constituents 

that does not end in the paper (or more accurately in the pulp). BL, as emerging from the digester 

vessels, is a weak aqueous solution with 15% solids content, which include dissolved and partially 

depolymerized lignin, the spent chemicals (compounds of Na and S under various oxidations 

states) as well as the traces of ash in the original wood feedstock. In the paper making process it 

is essential that the pulping chemicals be recovered. Thus, the weak BL is first concentrated to 

approximately 75% solids content and subsequently combusted to recover the pulping chemicals 

while at the same time generating process steam and power. The combustion of BL in recovery 

boilers is the conventional method for the recovery of the pulping chemicals[15]; nevertheless, 

in the last half century different reasons have led to development of BL gasification as an 

alternative to combustion. 

The initial efforts to develop BL recovery processes based on gasification had as the main 

goal to achieve a safer process than the recovery boilers of that era. Some of the most successful 

designs were the SCA-Billerud, the Copelands and the direct alkali-recovery processes which 

saw some degree of commercial activity[16,17]. In the 80’s BL gasification gained attention to 

increase power output by utilizing the produced gas in integrated combined cycles. The two 

large-scale developments of BL gasification came from MTCI and Chemrec. The MTCI process 

consisted on a bubbling fluidized-bed gasifier with steam as the fluidizing agent and with external 

heat being supplied by hot flue gases flowing through pipelines in the bed. Several plants with 

this concept were built, the largest of which was commissioned by Georgia-Pacific in Virginia 

in 2004 with a capacity of 200 t/d of dry solids. On the other hand, Chemrec’s BL gasification 

process consists of a co-current downdraft EFG operating in slagging mode. There are two 

variants: atmospheric air-blown and pressurized oxygen-blown gasifiers. A few Chemrec air-

blown gasifiers were constructed, the largest one being built in 1993 with a capacity for 330 t/d 

of dry solids. However, as the focus of attention in gasification shifted from electricity generation 

to green chemicals the oxygen blown-gasifiers became the line to continue. Thus, in 2005, a 
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pilot 30 bar oxygen-blown gasifier was brought into operation in Piteå (Sweden). The reactor 

has operated more than 28,000 h since then, contributing to the maturation of black liquor 

gasification (BLG). The design of this gasifier is essentially that described in the section 1.3. 

gasifier A characterization of the operation of this gasifier is provided by other authors[18,19]. It 

should be mentioned, that the objective of BL gasification is not only to transform the organic 

fraction of BL into valuable gas but also, and most importantly, to recover the inorganic fraction 

of BL and return it to the pulp mill for recycling. Indeed, the feasibility of BL gasification is 

given by the performance of the process in recovering the spent pulping chemicals. The syngas 

from BL gasification is never a critical aspect as it is of a very high purity, typically containing 

only low concentrations of light tar (mostly benzene), of the order of 150 ppm, and virtually no 

particulate matter [20]. Thus, it is very suitable for chemical synthesis. Indeed, in 2011 a 

Dimethyl ether (DME) synthesis plant was coupled to the gasifier to upgrade the syngas into 

DME. That was achieved without complex post-processing gas-cleaning units [21].  
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1.4.2 Black liquor and pyrolysis oil co- gasification 

Despite BLG generates a very pure syngas, BL, with approximately 25% of water and 35% 

of ash, has questionable properties as a fuel. The excessive amounts of inorganics material in BL 

represent a thermal ballast for the gasifier that limits the CGE. To increase the energetic 

performance of BLG, co-gasification of BL with higher-energy fuels has often been considered. 

For example, the gasification of BL has been tested in mixtures with coal [22,23], petroleum 

coke[23], pulp sludge[24] and solid types of biomass[25], showing that the alkali in BL also 

catalyses the gasification of the mixture. However, for practical considerations, in pressurised 

EFG homogenous liquid fuels are preferred over slurries. Besides, to be coherent with the general 

approach to BLG the co-fuel should be also from a renewable origin. Thus, within the LTU 

green-fuel project (which this thesis is part of) pyrolysis oil (PO) was the choice of the co-fuel 

to be blended with BL. Pyrolysis oil broadly refers to the liquid fuels that derive from the flash 

pyrolysis of biomass. 

Mixing PO into BL enhances the energy content in the fuel and ultimately the CGE, 

besides it may lead to further advantages associated with economy of scales. The ultimate impact 

on the economic performance was evaluated by Carvalho et al. [26] in parallel to this thesis. The 

study compared the gasification of pure BL with the co-gasification with three different options: 

PO, crude glycerol and fermentation residues. Co-gasification was found to be advantageous 

over gasification of pure BL in all instances. Additionally, gasification-based MeOH was shown 

to be cost-competitive with taxed petrol and cellulosic ethanol. Nevertheless, this techno-

economic evaluation ought to be complimented with the investigation of the technical aspects 

of mixing PO into BL, paying special attention to any effects on char conversion and gas 

impurities. As mentioned, the degree of carbon conversion in the gasification residue is 

fundamental for recycling the spend chemicals of the pulping process, thus in the event of mixing 

the BL with PO it ought to be verified that carbon conversion remain as high as for pure BL. 

Similalry, to be able to assume that the syngas from co-gasification can be still utilised to 

synthetize MeOH, the purity of the syngas should remain relatively similar to that from the 

gasification of pure BL. The technical investigation in consideration was carried out in parallel 

at the laboratory scale (this thesis) and at the pilot gasifier scale. The experience at the pilot 

gasifier demonstrated that a gasifier which had been designed for BL could successfully gasify 

mixtures of BL and PO without modifications. The addition of PO was found to improve the 

CGE of the process while at the same time achieving a carbon conversion and a gas purity 

comparable to those achieved in pure BL. The interested reader is redirected elsewhere for a 

more nuanced account of the co-gasification work at the pilot scale [27]. This thesis presents and 
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discusses the experiments in the laboratory scale, attempting to provide fundamental 

understanding on how diluting BL with PO affects gasification. The indicated is further discussed 

in the appended paper II and III. 

1.4.3 Gasification of alkali-impregnated solid fuels 

The demonstration period of BLG has shown that it is technically very successful. 

Nevertheless, the pulping industry has shown some reticence to change the conventional 

combustion-based recovery process, with 90 years of experience, into a relatively new 

gasification-based system. The resistance comes mainly from concerns about the uncertainty on 

the availability factor of the gasifier, such concerns are inherent of any new system but are 

especially notable in the case of BLG because the recovery of the pulping chemicals in BL is 

critically connected to the pulping process, the heart of the business of pulping industry. Thus, 

it is worthwhile studying how to extend the technical advantages associated with BLG into 

general fuels without the constraints of BL. These fuels should preferably be low-grade stocks 

that arise as a waste of other processes as for example bark in a pulp mill.  

The presence of alkali elements in BL is thought to be a main reason for the technical 

success of BLG. Consequently, adding alkali into the fuel seems a logical step towards a more 

successful gasification of biomass. Nevertheless, adding external alkali continuously into the 

process would not be economically feasible. Fortunately, as it can be seen in table 1 many types 

of biomass include natural concentrations of potassium which are not negligible. Thus, the alkali 

content in the incoming fuel could be enriched by recovering and recirculating the inherent 

alkali left in the ashes left by gasification. The proposed gasification process would build up on 

the experience accumulated during the BLG program and utilise a similar gasifier design. It is 

important to highlight that this design features a wet quench which captures all the ash. Systems 

that do not possess a similar unit may not be suitable to process alkali-rich fuels because of the 

corrosion that alkali salts depositions cause to downstream heat-exchangers[28].  
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Figure 3 Proposed process of biomass gasification with alkali recirculation. Source[29] 
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Table 1 Typical contents of inorganic elements (on the dry basis) for various types of biomass feedstocks. The figures show 
the median values, where N denotes the sample size of these groups. Because of the heterogeneous nature of the groups 
the median values have been chosen as the indicator of the typical composition within the group. High contents of alkali 
elements (>5000 mg/kg) have been highlighted in light green whereas high contents of Cl and Si (>5000 mg/kg) have been 
highlighted in light red. Similarly, molar ratios of (Na+K):Si above 2 have been highlighted in bright green. Data source: Phyllis2 
database[30] 

Type 
biomass 

Origin N 
S  Cl K Na Ca Si  Mg P (Na+K):Si  

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg molar ratio 

Stem-
wood 

Softwood 27 300 100 332 27 1075 440 138 59 0.62 

Hardwood 20 300 301 872 53 1558 278 288 231 2.5 

Grasses 

Alfalfa 11 1900 3825 14127 124 6259 961 827 1583 10.7 

Switch grass 9 1200 1027 4593 194 4432 17402 1687 1194 0.20 

Mischantus >40 600 1850 3246 51 1474 9498 559 396 0.25 

Straws 

Corn 9 1000 1909 3164 129 926 9346 687 759 0.26 

Rice 15 1300 6470 18686 584 2276 68126 1986 878 0.21 

straw >40 1200 3075 10910 108 3504 23385 701 780 0.34 

Bark 
Bark-general 16 500 179 2133 128 12203 495 595 415 3.4 

Pine 3 700 112 1827 95 8411 176 787 609 8.1 

Husk/ 
shells 

Rice 4 800 1273 4735 235 1039 81041 124 374 0.05 

Sunflower 7 1800 775 9162 92 3501 1261 2056 1272 5.3 

Walnut 4 1000 206 5966 175 2802 926 1778 641 4.9 

Manure 
Pig 3 5700 18421 14600 3443 11382 6300 6660 11792 2.3 

Chicken 15 8800 6380 31300 4675 56500 4100 7700 20000 6.9 

Other 
Residues 

Sugar bagasse 9 800 316 1487 281 1275 9102 801 474 0.16 

BL 6 22900 1462 9150 183000 310 700 110 60 329 

Domestic 7 5500 6316 2698 6177 32607 92732 4895 2870 0.10 

Cotton 4 3100 846 8710 720 5075 8012 2071 2183 0.89 

Sewage sludge 14 20000 1510 4164 1425 47432 3110 5575 30973 1.5 

End 
product 
biomass 

Wood pellets 10 100 40 406 36 951 197 169 40 1.71 

Wood chips  10 300 202 1252 41 2707 256 360 660 3.71 

Pyrolysis oils 11 300 1001 5 2 9 30 3 8 0.20 

Fossil 
Coal 31 7700 414 1367 459 4264 27500 1130 290 0.06 

Peat 5 2000 207 300 300 4600 6100 600 160 0.10 

 

 

Under steady state operation virtually all the ash is captured in the water quench. The 

resulting aqueous stream ought to be processed to separate a potassium-rich stream from the rest 

of ash forming elements. The feasibility of recovering potassium is discussed by Furusjö et al. 

[4,31]as part of a series of two papers which presents the techno-economic feasibility of the 

alkali-enhanced gasification process. The work exposes additional benefits of alkali impregnation 

that have largely been overlooked in this thesis as for example the improvement in ash flowability 

(essential in EFG) or the capture of gaseous sulphur by alkali (H2S is very poisonous for 

downstream catalyst). The interested reader is strongly encouraged to read it for a deeper and 

better description of the proposed alkali-impregnated biomass gasification process. Concerning 

the recovery of potassium, the publication concluded that the calcium and magnisum are not a 
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concern as once in the quench they adopt water-insoluble forms which can be easily separated 

from the potassium stream, which remains in the solution. Besides, sulphur can be precipitated 

by adding a combination of ZnCO3 and Z(OH)2 in the solution in similar molar concentrations 

to that of sulphur. Nevertheless, chlorine and silicon does remain in the solution. Therefore, in 

the absence of a method to separate these elements, the recirculates potassium-rich stream will 

also include chlorine and silicon. Consequently, it is important to investigate the robustness of 

gasification to the presence of such elements, especially that of silicon as under the environments 

of a gasifiers it is expected to form potassium silicates which are regarded undesirable both 

chemically (non-catalytic species) [8,10,32–34] and physically (a molten layer around the fuel 

particles might restrict oxygen transfer)[35]. The investigation of how the presence of silicon 

affects the gasification behaviour is discussed in Paper V and it also occupies a central role in this 

thesis (presented in chapter 4.1.4). 

Once the K-rich stream has been recovered from the ashes it is to be recirculated to 

impregnate the incoming fuel. There are several ways to conduct the impregnation. From a 

practical perspective, spraying the concentrated solution onto the biomass would be the 

preferable method due to its simplicity. Yet, such a method would drive potassium to precipitate 

as bicarbonate crystals on the external surface of the fuel particles upon drying (either inside the 

gasifier or beforehand) and thus have a limited contact with the organic matrix of the fuel. On 

the contrary, a much closer contact could be achieved by mixing the biomass with the potassium 

stream in a liquid vessel. In this way part of the potassium would bond to the organic matrix by 

replacing the protons in OH moieties[36]. However, at high temperatures, the vaporization of 

alkali may allow the transfer of alkali from alkali-rich regions towards alkali-poor ones [37] 

thereby potentially reducing the criticality of the initial distribution of alkali in the fuel. 

Furthermore, the activity of alkali on char conversion is only a part of the story. Potentially, the 

most beneficial effect of alkali is that on the gas impurities. However, little is available in literature 

regarding the supposed effect of alkali on the different gas impurities. Therefore, much less is 

known concerning the role of the contact (between the alkali and the biomass) on gas impurities.  

Therefore, we decided to investigate the effect of the alkali-biomass contact by means of 

experiments with various degrees of intimacy. This was done, on the one hand to assess the 

design of a full-scale impregnation system and on the other hand to address the lack of 

understanding on the issue. This is an important research question of the thesis which will be 

recurrently addressed in chapter 4, the discussion is extended in Paper V.  
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1.5 Objectives of the thesis 

This thesis starts out from the hypothesis that alkali may be beneficial for biomass 

gasification. The overall aim of the work is to contribute to the design of an alkali-enhanced 

gasification process. However, for that purpose we need to investigate some fundamental aspects 

that remain unclear. These aspects have already been touched before, and they will be further 

developed in chapter 2 in relation to knowledge gaps in the literature. However, to guide the 

research across the thesis, it may be useful to summarize at this point the objectives of the thesis 

as a set of research questions. 

The first and most essential question is to determine what products of gasification are 

affected by alkali. This can be formulated as follows: 

 On what reactions or on what products of biomass gasification does alkali show a significant effect? 

The answer to the question above led to a follow-up question, which was formulated to 

delimitate the mechanism: 

o In what stage of biomass conversion does alkali act to reduce gas impurities? 

Thereafter the research questions were oriented to determine other practical aspects to be 

considered. Thus, the next question was formulated to understand how much alkali would be 

required in the fuel:  

 What is the sensitivity of the various undesired products of gasification to alkali content?  

Similarly, it was important to determine how alkali should be dispersed in the biomass. In 

that regards it was evaluated the criticality of the contact between the biomass and the alkali.  

 Is the type of contact between the alkali and the organic matrix in the fuel an important factor?  

Finally, it was investigated whether the activity of the alkali could be inhibited by other 

factors:  

 Can alkali become deactivated owing to: 

o interactions with other ash forming elements in the biomass?  

o loss of alkali into the gas phase at high temperatures? 
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The above research questions were approached from two different directions: The first 

approach, was to study what would happen if the alkali content in BL be diluted. This body of 

work was framed in the research of the co-gasification of BL and PO. The second approach was 

to study the addition of alkali into more conventional types of biomass, it was under this work 

that most of the research questions could be answered. 
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1.6 Outline of the thesis 

Once presented the topic and the objectives of the thesis, it may be helpful to present the 

structuration of the rest of the thesis. Chapter 2 introduces the main concepts that are relevant 

for the subsequent discussion of the result, it exposes some principles of biomass gasification and 

how alkali may affect them. The chapter also points the main research gaps in literature. In 

chapter 3, it is described the methods that were utilized to obtain the results. Given that this 

thesis is the result of several experimental campaigns, there is emphasis in summarizing the 

different campaigns in a comprehensive manner. Chapter 4 is by far the longest of the thesis. It 

contains all the results and their subsequent discussion. It has been divided in several blocks as 

follows: section 4.1 presents the effect of alkali on char conversion whereas 4.2 focuses 

exclusively on the effect on the gas side. In 4.3 it is discussed whether the results presented in 

the previous sections still hold at higher temperatures. The section 4.4 is dedicated to address the 

role of sulphur and compare it to that by alkali. Chapter 5 addresses how the results presented in 

chapter 4 may be extended to a full-scale gasifier. The chapter is further divided between 

different sections. It starts with a general overview of the effect of alkali. It then continues by 

providing some advice concerning co-gasification of BL and PO in section 5.1 and the 

gasification of alkali-impregnated fuels in the section 5.2. Chapter 6 summarizes the main 

findings of the thesis on the basis of the research questions. Finally, in chapter 7 the author 

describes some limitations of the current work and suggests some research directions worthy of 

being continued. 
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2 Theory and literature overview 

2.1 Gasification principles of a particle-reactive gas system  

An adequate simulation of gasification can be very helpful in the design and operation of 

gasifiers. However, gasifiers are multi-scale, multi-physic environments which are not trivial to 

model. Thus, like in many other disciplines, modelling of gasification is carried out by breaking 

the whole problem in a set of submodules, each of them focusing only on the relevant 

phenomena at a given scale. Biomass gasification involves modelling all the way from the 

molecular scale (of the order of 10-9-10-10m) to the plant scale (of the order of 103m). Adding 

alkali in the fuel is expected to influence gasification at the nanoscale, causing an effect which 

propagates upwards ultimately influencing the operation of the whole plant. This thesis 

investigates the effect of alkali through experiments that focus on the particle level. Thus, in 

preparation for the discussion of the results, it is worthwhile reviewing the relevant phenomena 

concerning the gasification of biomass particles. At this level the topic is reduced to studying the 

behaviour of a biomass particle suspended in a flow of reactive gas. In this way a fresh particle of 

biomass that enters a gasifier will undergo a sequence of reaction stages consisting of drying, 

devolatilization and char conversion as portrayed in Figure 5. 

 

 

Figure 4 Different scales relevant in biomass gasification 

 



18 

 

 

Figure 5 Schematic drawing visualizing the reaction stages in the conversion of droplet of BL. Despite BL is a rather unique 
fuel, the sequence is common to any solid or liquid fuel.  

2.1.1 Drying 

Liquid and solid fuels may have a substantial content of water. In the case of raw biomass 

this quantity can be as high as 50-60%. As the fuel enters the gasifier it heats up causing the 

inherent water to vaporize. The drying process is highly endothermic and therefore relatively 

isothermal. Not surprisingly, drying is governed by the rate of heat transfer. From a chemical 

perspective, drying may be a relatively unexciting process, yet heat transfer is rather important, 

as it also governs the devolatilization rate. Thus, it may be convenient to introduce here the 

concept of thermal size. Taking the example of a particle that enters a hot environment, its 

surface will immediately receive a heat flux from the environment through convection and 

especially through radiation. Subsequently, a thermal gradient will develop along the radius of 

the particle and heat will be progressively conducted from the surface to the core. The ratio 

between the external heat transfer into the surface (by convection and radiation) and the internal 

heat transfer across the particle (by conduction) is the known as the Biot number. Biot numbers, 

well below 1, are characteristic of thermally thin bodies, which have a rather uniform 

temperature field. On the contrary, particles with Biot numbers above 1 are referred as thermally 

thick bodies. These particles will exhibit heterogeneous temperature fields and consequently 

drying (or any other heat transfer-controlled process) will proceed unevenly across the particle. 

In these situations, it is well possible that the conversion sequence shown in figure 5 exhibit 

some degree of overlapping.  

2.1.2 Devolatilization:  

The devolatilization is a stage of biomass gasification in which a large fraction of the mass 

in the fuel is released to the gas phase due to pyrolysis reactions. The pyrolysis is a thermally-

driven rearrangement of the molecular structures of a material, not requiring the presence of 

external reactants. Sometimes the terms devolatilization and pyrolysis are used interchangeably. 

However, they are not the same. Pyrolysis strictly refers to a collective of thermally-driven 
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reactions whereas the term devolatilization stresses that there is also a phase change in the 

material, fruit of the pyrolysis reactions. For instance, gaseous fuels (e.g. propane) may undergo 

pyrolysis but not devolatilization. The devolatilization of biomass includes the depolymerisation 

of wood constituencies (cellulose, hemicellulose and lignin) and the release of the conforming 

monomers, the release of entire functional groups (as for example through demethylations 

reactions) and also cross-linking reactions between the products of pyrolysis. In pyrolysis the rate 

of chemical reactions is generally very high. Consequently, the apparent rate of pyrolysis, like in 

drying, is determined by how rapid heat is conveyed into the material. Thus, in thermally-thick 

particles the devolatilization stage can proceed unevenly across the particles. For instance, a 

burning log of wood may have completed the devolatilization stage across the surface (and be 

experiencing char oxidation) while the core may be still in the drying stage.  

The devolatilization of biomass starts at temperatures as low as 250- 300 °C when the 

hemicellulose fraction of wood starts to depolymerize upon the breakage of the glycosidic bonds. 

Cellulose undergoes the same processes at a narrower range of temperature around 380 °C 

whereas lignin, due to its varied molecular architecture, decomposes over a wider range of 

temperature (300-700 °C)[38]. The volatilized products include a wide mixture of organic 

compounds, rich in oxygenated functional groups such as dipropoxyethane, acetic acid, 

hydroxypropanone, methanol, acetaldehyde, as well as cyclic-based compounds arising from the 

depolymerisation of lignin, most importantly furans, phenols and guiacol compounds [39]. 

Extensive characterizations of volatiles are provided elsewhere [40–42]. The heating rate is an 

important factor in devolatilization as it strongly affects the distribution of the products of 

devolatilization between char, condensable volatiles (also referred as primary tars) and non-

condensable gases. In general, fast heating rates, as those in EFG; tend to maximize the amount 

of volatiles at the expenses of the amount of char [38,43]. On the other hand, high reactor 

temperatures, maximize the yield of non-condensable gases limiting the yield of both char and 

condensable volatiles.  

The devolatilization of biomass releases into the gas-phase around 80-95% of the mass of 

the fuel (on the dry basis). This figure contrast with that in coal devolatilization, which is only 

1-40% (depending very much on the rank of the coal). The difference in these figures manifest 

that devolatilization, and the following reactions involving the volatiles, are much more critical 

in biomass than in coal. Therefore, coal gasification, and particularly alkali-catalysed coal 

gasification (upon which a lot of the work on alkali is based on) have largely overlooked the 

devolatilization stage. This is one of the reasons that explain the contrast between the amount of 
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work that is available concerning alkali-catalysed char gasification and the relative scarcity of 

work available regarding the effect of alkali on gas-phase products.  

2.1.3 Char oxidation:  

After the above stages, a fraction of the fuel is left as char. Char consists of a porous solid 

material, very rich in carbon, containing also the majority of the ash-forming elements in the 

original fuel. The conversion (or oxidation) of the char by the surrounding oxidizing gases is the 

last step in biomass conversion. In gasification, unlike in combustion, O2 is not usually available 

at this stage. Thence, char oxidation occurs primary with H2O and CO2. These reactions are 

slow, making the oxidation of char the rate limiting step in the whole conversion sequence of a 

biomass particle. The apparent conversion rate is the visible (and measurable) rate of char 

conversion. The oxidation of char takes place in the interface between the gases and the solid 

char. In this interface there are two important factors that determines the char conversion rate. 

a) the intrinsic reactivity (given by the nature of the char) and b) the concentration of reactants 

and products at this interface (determined by mass transfer phenomena). The intrinsic reactivity 

is given by the vulnerability of the molecular structure of the char to chemical reaction. 

According to the active site theory, the oxidation of char takes place preferably in singular spots 

of the char called active sites. These sites are present in the structural defects of the carbon 

structure, such as edges or dislocations and in the bonding between carbon and other elements 

such as oxygen, hydrogen and inorganic elements[44]. Ultimately, the intrinsic reactivity of the 

char is determined by the concentration of active sites in the material and by the surface area 

exposed to the oxidising gases (porosity). This surface reaction, among other ways, can be written 

as a 2-step process. The surface reactions with CO2 has been described below as equations 1 and 

2, relating to the adsorption and desorption steps, respectively. Notice that an analogous process 

with H2O takes place in parallel.  

𝐶𝑓 + 𝐶𝑂2

𝑘1
↔ 𝐶(𝑂) + 𝐶𝑂 

(1) 

𝐶(𝑂)
𝑘2
→ 𝐶𝑂 

(2) 

 

Assuming Hinshelwood-Langmuir kinetics for the steps above, the overall conversion rate 

of the char, Rc, can be written as in equation 3.  

𝑅𝑐 =
𝑘1𝑃𝐶𝑂2

1 +
𝑘1

𝑘2
𝑃𝐶𝑂2

+
𝑘1

𝑘2
𝑃𝐶𝑂

 
(3) 
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It can be seen that Rc, is favoured by high concentrations of CO2 and low concentrations 

of CO. For relatively narrow temperature domains the rate constants k1 and k2 of the elementary 

surface steps follow the Arrhenius law (equation 4). Consequently, the overall reaction rate Rc 

is also very sensitive to temperature. 

𝐾 = 𝐴0𝑒(
−𝐸𝑎
𝑅𝑇

)
 

(4) 

 

Where 𝐴0 is the Arrhenius pre-exponential factor 𝐸𝑎 the activation energy of the 

elementary reactions and R the universal gas constant. Provided that the reaction rate is low 

enough (as it happens at low temperature) the local concentrations of CO and CO2 in the gas-

solid interface do not differ from the overall concentration in the reactor. This is because the 

rate in which the product/reactants are generated/consumed is lower than the rate in which 

they are transported. Under this circumstances, mass transfer is not critical and the apparent rate 

of char gasification is exclusively governed by the intrinsic reactivity of the char (material-

dependent and captured by k1 and k2). In this situation, we talk about a reaction-controlled 

regime (regime I). However, the rate of chemical reaction increases exponentially with 

temperature, thus mass transfer become the rate-limiting factor at higher temperatures. In this 

situation, we talk about a mass transport-controlled regime. This regime can be further 

subdivided between the internal mass transfer regime (e.g. the rate limiting step is the diffusion 

of gases across the internal pores of the char), occurring typically at moderately high temperatures 

and the external mass transfer regime (e.g. the rate limiting step is the diffusion of gasses across 

the film layer), taking place at the harshest temperatures. For, sufficiently small particle, mass 

transfer is never the rate-limiting step, indeed the intrinsic reactivity of the chars is normally 

measured experimentally from the apparent conversion rate of small particles. However, mass 

transfer becomes progressively determinant with the size of the particle. 

The different regimes described above are illustrated graphically in figure 6. The figure is 

a qualitative representation of the Arrhenius plot, which shows the apparent char gasification 

rate as a function of the inverse of the temperature. The plot is based on typical data of char 

conversion during biomass gasification. It can be seen that the apparent char conversion rate 

progressively flattens as mass transfer becomes the rate-limiting step.  
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Figure 6 Qualitative diagram showing the different control regimes of char gasification (for the black solid curve). The black 
curves correspond to the behaviour of a typical biomass char. The blue curves correspond to a hypothetic high-reactivity 
char. Solid lines relate to large particles, in which the limitations by mass transfer are important whereas the discontinued 
lines relate to very small particles, in which limitations in mass transfers are negligible. 

 

2.2 Gas impurities: Tar and soot formation 

During the devolatilization of a particle of biomass most of the mass is released into the gas 

phase. CO2, CO, H2, H2O and CH4 account for the majority of this mass. Yet, there is also a 

moderate release of more complex volatile products, often called primary tars. Primary tars, far 

from freezing (stopping any sort of chemical reaction) keep reacting to evolve towards more 

stable secondary and tertiary tars and ultimately soot. It is not in the scope of this thesis to conduct 

a detailed characterization of the soot formation mechanism. The interested reader is redirected 

to other accounts, notably that by Frenklach, summarized in a very didactic article [45] and that 

by Lahaye[46]. This thesis will instead focus on the effect that alkali has on soot formation. But 

for that, it may be helpful to present, first, a simplified overview of the process that leads to the 

soot.  
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Figure 7 Simplified diagram showing important products and steps on the pathway to soot formation. 

As described in the previous section, the pyrolysis of biomass leads to the 

depolymerisation of the different constituents of biomass and the release of the conforming 

blocks. In general, the primary products that arise from these process are unstable radicals, and 

therefore very reactive. If the rate of vaporization of these fragments is not high enough, as it 

happens in low heating rates, they can react with each other and re-polymerize, thereby forming 

char[38]. Otherwise they continue to react in the gas phase. Milne and Evans thoroughly 

described the reactions involving the volatiles and proposed a classification between primary 

reactions: associated to the degradation of the original fuel and the subsequent release of volatiles, 

secondary reactions: associated to the reforming of primary tars, driving progressively the tars 

towards more cyclic configurations, and tertiary reactions: giving rise to purely aromatic species, 

growing progressively into larger polyaromatic hydrocarbons (PAH). Since then many similar 

observations have been published [39,42,47]. The general understanding is that tar reforming 

reactions tend to a) reduce the total yield of tar and b) cause an aromatization of the tar species. 

Thereafter, light aromatic, as for example benzene, progress towards heavier PAH [42]. The 

main mechanisms responsible for the formation and growth PAH are: 

1. Hydrogen abstraction carbon addition (HACA) 

2. Direct combination (growth with other aromatic species) 

The HACA mechanism holds that the growth of PAH proceeds by a continued removal 

of hydrogen atoms and addition of carbon atoms. One particularly important case of HACA is 

that happens in presence of C2H2, as shown in the scheme below taken from[48]. 
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Figure 8 Example of the growth of a naphthalene radical by the HACA mechanism. Source [48] 

 

The direct combination explains the growth of aromatic species by the continued 

collision of aromatic radicals with other aromatics. The direct combination pathway may take 

place simultaneously with the HACA mechanism as portrayed below. 

 

Figure 10 Growth of a biphenyl compound (formed in figure 9 )by the HACA mechanism. Source[45]  

 

What is explained above concerns the growth of aromatics not only in biomass 

gasification but in thermochemical process in general. It may be important to highlight that the 

are some differences between the formation of the first aromatic compounds in biomass 

gasification and that in flames of gaseous or liquid fuels. In the latter, the fuel pyrolyses to C2H2, 

which thereafter builds to soot in the high temperature post flame zone[49]. On the contrary, in 

biomass gasification the primary volatiles already include aromatic structures arising from the 

depolymerisation of lignin. This among other things imply that in biomass gasification the 

concentration of aromatics tars (and ultimately the amount of soot) depend not only on the 

fuel/oxygen ratio and the number of C-C bonds but also on the original macro structure of the 

biomass. In this way lignin-rich fuels tend to generate larger amounts of aromatic tars[47].  

There is an overwhelming agreement that the formation of PAH is the critical step in 

the inception of soot particles [45,48,50,51]. PAH are flat structures. However, if the 

concentration of PAH is high enough, the repeated collision between PAH leads to the creation 

of aromatic clusters in which further PAH can adhere. Henceforth the initially flat PAH 

progressively transit into ever-growing 3-dimensionals structures. This process is called soot 

Figure 9 Example of the formation of a biphenyl specie by collision of a benzene molecule with a benzene 
radical. Source[45] 
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inception (also soot nucleation) and it is the first step in the transformation from gaseous products 

into the particulate material that we know as soot. Thereafter, these incipient nuclei grow in size 

through particle coagulation, surface reactions and particle agglomeration[45]. Yet these 

processes will not be covered in the thesis.  

 

2.3 The role of alkali on biomass gasification 

As we have seen, the reactions that take place within biomass gasification can be broadly 

divided into two blocks: the heterogeneous reactions, which concerns the oxidation of the char 

and the homogenous reactions, which involve the gaseous species. As the two are mechanistically 

very different, and so is the role of alkali on them, they will be presented separately. The same 

approach will be taken in the results and discussion section. 

2.3.1 Alkali-catalysed heterogeneous reactions 

Over the last century, several tens of researchers have observed that the intrinsic reactivity 

of char is promoted by the presence of alkali elements in the char. Taylor and Neville [52] 

provided in 1921 one of the first explanations for the effect of alkali on the gasification of carbon. 

They concluded that alkali carbonates enhanced the absorption of CO2 on the surface of the 

char, and that would translate into a faster oxidation of the char. Since then, many publications 

have focused on the mechanism of alkali-catalysed gasification. This section attempts to 

summarize the understanding of the topic. For that, it may be useful to retrieve the 2-step model 

of the uncatalysed gasification of carbon with CO2 s  

𝐶𝑓 + 𝐶𝑂2

𝑘1
↔ 𝐶(𝑂) + 𝐶𝑂 

(1) 

𝐶(𝑂)
𝑘2
→ 𝐶𝑂 (2) 

Most of the publications build upon on a redox cycle [53–64] in which an intermediate 

alkali compound of some sort undergoes reduction in the vicinities of the char and subsequently 

re-oxidised by CO2. In this way, the redox cycle acts as an oxygen pump into the char. This 

group of mechanisms conform what is known as the oxygen transfer theory. As an example of 

this group, we can illustrate the scheme proposed by McKee et. al. [54]. 

𝐾2𝐶𝑂3 + 2𝐶
 

↔ 2𝐾 + 𝐶𝑂 (5) 

𝐾 + 𝐶𝑂2
 

↔ 𝐾2O+CO (6) 

𝐾2O + 𝐶𝑂2
 

↔ 𝐾2𝐶𝑂3 (7) 
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In McKee’s mechanism (reactions 5-7), shown above, the alkali intermediate in question 

was the system K2CO3/K2O/K. It is not difficult to see that the redox cycle serves the purpose 

of dissociating the CO2 molecule, into CO, and subsequently transferring the atomic oxygen 

into the char. Mouljin et. al.[65], realised that all the redox cycle-based mechanism were 

equivalent in the sense that they all ascribed the effect of alkali to the catalysation of the 

chemisorption of the oxidant gases into the char (reaction 1). The oxygen transfer-based models 

are defended on the basis of thermodynamic and kinetic considerations. Additionally, 

experiments with isotope-labelled CO2 demonstrated that the amount of O that was chemically 

adsorbed onto the char, 𝐶(𝑂), was proportional to the concentration of alkali in the char, being 

both correlated to the char conversion rate[60,61]. Alternatively, another theory, not necessarily 

contradictory with the oxygen-transfer mechanism, maintain that alkali carbonates interact with 

the carbon substrate to create active sites on the char (Cf) [66], thereby promoting the reaction1. 

Finally, the third theory suggested that is the desorption of CO (reaction 2) the step that is 

catalysed by alkali, this theory holds that the desorption is favoured at ionic carbon-metal bonds 

generated by electron transfer[67]. It is clear that the overwhelming majority of the authors lean 

for the oxygen transfer theory. However, it is not well known the form of the alkali intermediate 

that undergoes the redox cycle. That may be an important factor if the alkali is not well 

distributed across the char. For instance, if the cycle involves gaseous alkali intermediates as 

suggested by McKee[54], it is plausible that the mobility of these species reduces the drawbacks 

of an initially heterogeneous distribution of alkali in the char. On the contrary, if the redox cycle 

is mainly undertaken by condensed oxide melts as suggested by Wood et. al.[68] then it is 

plausible that the alkali-poor regions in the char govern the overall reaction rate, ultimately 

limiting the effect of alkali. The possibility that the catalytic effect of alkali involves gaseous 

intermediates will be discussed in chapter 4, the discussion will be based on experiments in which 

the alkali and the char were supplied as independent solid particles. 

More recently the attention of research on alkali-catalysed gasification has turned from coal 

to biomass. A change that has come together with a shift in the orientation of the research from 

reaction mechanisms towards more factual aspects. It can be highlighted the work by Perander 

et. al. [69]. They found that there was not any difference between the effect of organically-

bound potassium and that of K2CO3. They also showed that the reactivity of the char was linearly 

correlated with the loading of potassium up to 2% K.  
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2.3.2 Alkali on homogenous reactions 

The abundance of research on alkali-catalysed char gasification contrasts with the scarcity 

of work looking at the effect of alkali on the gaseous products. Yet, there are a couple of examples 

dispersed in time. In 1986, Elliott et.al. [12] showed that potassium strongly affected the yield of 

tar. The experiments were conducted in a set-up comprising 2 identical fluidized bed reactors 

connected in series in which biomass would be pyrolysed in the first reactor and the formed 

volatiles would undergo reforming reactions in the second one. In this way, they found that 

when the biomass was impregnated with K2CO3 the yield of light aromatic tar (1 ring) would 

decrease by approximately 60% whereas that of heavier PAH (3 rings) would do so by a factor 

of 10. Recently, Postma et. al. [50] confirmed the tar-suppression activity of potassium with 

experiments in a tubular reactor, which featured a fixed char bed. They showed that 

impregnating the bed with potassium would increase the tar-suppression activity of the char bed. 

They also found that adding the potassium directly to the fuel while maintaining the potassium- 

impregnated bed would further reduce tar formation. 

In addition to the two mentioned laboratory studies, there is also some evidence of the 

effect of alkali on the gaseous products at a larger scale. Notably, the operation of fluidized bed 

gasifiers with aged bed-material (during operation, bed-material becomes progressively covered 

with K and Ca originating from the fuel ash) was found to generate significantly lower yields of 

tar in comparison with the operation with newly added material. These findings were similarly 

observed for two independent gasifiers [32,70]. In one of them the ash-covered material was also 

reported to catalyse the water gas shift reaction[70]. However, experiments at a full scale gasifier 

are constricted by many factors and thus are not the most suitable way to investigate the effect 

of alkali on a fundamental level.  

Despite the examples above provide evidence of an effect of alkali elements on tar 

impurities, there are still many questions that remain unsettled. For example, it is not known 

whether the effect of potassium can be considered a catalytic effect on the oxidation of tar and 

soot, or rather the inhibition of the formation of these products at an earlier stage. The lack of 

understanding concerning the effect of alkali on gas-phase products has attracted our attention. 

That is well manifested by the fact that 3 of the research question of this thesis (1,2 and 4) can 

be traced back to the research gaps shown above.  
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3 Material and methods 

This chapter attempts to guide the reader to across the experimental work that was carried out. It starts 

by listing the different experimental campaigns and summarizing the main parameters studied in each of 

them. After that, the second section provides a description of the sample preparation methods and finally in 

the third section the different experimental devices are presented.  

3.1 Summary of the experimental campaigns  

This thesis is the fruit of several experimental campaigns with different devices and 

conditions. Table 2 summarizes the main parameters of the different campaigns.  

Table 2  Summary of the experimental campaigns that were conducted during the thesis 

Campaign 
nr. 

Samples Sample 
preparation 

Device T (°C) Gas phase Particle 
size(µm) 

In 
papers 

1 

BL char 
Mixing as liquids 

+Charing at 
T=540°C +crushing 

TGA 
720-860 

(5levels) 

0-100% CO2   

(7 levels) 
200-300 I 

BP20 char 

BP30 char 

PO char 

2 

BL 

Mixing as liquids FFB 1100± 50 

λ =0.85, 1, 
1.25 

air/methane 
mixture 

200-2500 I 
BP20 

BP30 

PO 

3 

BL dried 
Mixing as liquids+ 
drying + crushing 

DTF 
800-1400 
(4levels) 

5%CO2  
90-200 
500-630 

II, III BP20 dried 

BP40 dried 

4 

BL dried 
Mixing as liquids+ 
drying + crushing 

DTF 
800-1400 
(4levels) 

 100%N2 
90-200 
500-630 

II, III BP20 dried 

BP40 dried 

5 Pine 
Wet impregnation 

with K2CO3 
DTF 

900-1400 

(5levels) 
5%CO2  90-200 IV 

6 

Softwood Different 

impregnation 
methods with K2CO3 

DTF 
1000 +Subset 

at 1200 
5%CO2  200-300 V Bark 

Wheat Straw 

7 Softwood 
Spray impregnation 

with S compounds 
DTF 1000 5%CO2  200-300  

 

3.2 Sample preparation 

The different experimental campaigns utilised different samples and thus different sample 

preparations processes. The preparation methods can be grouped as:  

1. Preparation of char for the TGA experiments (Campaign 1) 

2. Preparation of dry samples of BL/PO blends (Campaign 3 and 4) 

3. Preparation of alkali-impregnated biomass samples (Campaigns 5-7) 
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Preparation of char for TGA experiments (Campaign 1) 

Apart from pure BL and pure PO, two blends were prepared by mixing BL and PO as 

liquids. These blends are referred as BP20 and BP30 as they contain respectively 20 and 30 % of 

PO by mass. Thereafter, the liquid fuels were pyrolysed at 540 °C under a 100% CO2 

atmosphere. Finally, the resulting chars were ground and sieved to select a particle size between 

200 and 300 µm. Further details on the experimental methods are provided in Paper I. 

 

Preparation of dry samples of BL/PO blends (Campaign 3 and 4) 

The preparation of the samples started by mixing BL and PO in the same way than in the 

case before. Thus, the blends BP20 and BP40 contained respectively 20 and 40 % of PO by 

mass. Given that PO is acidic; NaOH was added into BP40 to ensure that the pH would remain 

high enough to avoid the precipitation of lignin[71]. In this way, BP40 contained 12.5g of 

NaOH, 240g BL and 160 g PO. This step was not necessary in BP20. After that, the fuels were 

converted into dry solid as follows: Prior to drying, the liquid fuels were spread on a thin surface 

(1 mm) to avoid local enrichments of inorganics during drying. Drying was carried out at T=105 

°C for 16 hours. Finally, the dried fuels were grinded and sieved into 2 different sieve sizes: one 

between 90 and 200µm and the other between 500 and 630µm. Further details on the 

experimental methods are provided in Paper II. 

 

Figure 11 Dry solid particle of BL. This type of sample was utilised in the camping 3 and 4. The main morphological traits are 
the low porosity of the sample and the existence of precipitate alkali crystals on the surface. 
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Preparation of alkali-impregnated biomass samples (Campaigns 5-7) 

The following refers to the preparation of the samples for campaign 6. Yet, the sample 

preparation in campaigns 5 (wet impregnation) and 7(spray impregnation) are subsets of the 

methods described here. The different fuels (e.g. spruce stemwood, pine bark and wheat straw) 

were received as powders. The powders were then sieved and the fraction left between the mesh 

sizes of 200 and 300µm was selected for the experiments. The selected materials were split into 

representative divisions with a rotary sample generator and the subsequent divisions were 

impregnated with potassium carbonate through 3 different methods: namely dry mixing, spray 

impregnation and wet impregnation.  

Wet impregnation was carried out by mixing the biomass with an aqueous solution of 

K2CO3 at a ratio of 15ml-solution/g-biomass. The concentration of the K2CO3 solution was 

0.2M for stemwood and 0.1M for bark and straw. These concentrations were used to target an 

ultimate content of potassium in the impregnated biomass of approximately 4wt.%. The resulting 

slurry was stirred for 30 min at 80°C, and afterwards, vacuum-filtered and dried overnight at 

105°C. It is estimated that under this impregnation method part of the potassium (approximately 

60%) bonds to the biomass through ion exchange while the rest precipitates as alkali crystals on 

the surface of the biomass particles.  

As the name hints, spray impregnation was carried out by spraying a K2CO3 solution into 

the biomass powder. Spraying was conducted under continuous stirring. This method targeted 

contents of potassium in the fuel of 2, 4 and 8% wt. by adjusting the amount of solution that 

was sprayed. In all cases the concentration of the solution was kept at 0.4M. After spraying, the 

samples were dried overnight at 105°C.  

Finally, Dry mixing consisted of dispersing the biomass and K2CO3 as dry powders in the 

feeder. Thus no pre-treatment was required. 

The final samples were further divided to have representative samples for the chemical 

analyses and for each of the planned experiments. The elemental analyses (ultimate and ash- 

forming elements) are provided in table 3.  
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Table 3 Elemental analysis of the different fuels used in the experiments. 
a) Bomb calorimetre (IKA C-200). b) Ultimate (EuroEA3000). c) By difference. d) Ultimate at a commercial lab. e) ISP-MS at a 
commercial lab. n.a.: not analysed. bdl: below detection limit.  
The figures include 3 significant digits with the exception of some measurements in which such precision is not guaranteed. 

 

The impregnated samples were analysed through SEM to detect any changes in the 

morphology of the biomass particles deriving from the impregnation. However, as shown in 

Figure 8 there were not any visible signs of the impregnation treatment. EDS point analysis 

indicate that the white spots on the surface of straw (in Figure 8) are very rich in silicon. They 

are believed to be phytoliths, depositions of silicon compounds on the tissue of some plants. 
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Figure 12 Straw samples prepared through different methods: a-b) Original non-impregnated straw; c-d) Wet-impregnated 
straw; e-f) Spray impregnated straw. 
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3.3 Description of the experiment devices 

Three different devices were utilised; a thermogravimetric analyser (TGA), a flat flame 

reactor (FFR) and a drop tube furnace (DTF), alternatively known as a laminar entrained flow 

reactor.  

Table 4 Summary of the different devices utilised. 

 

TGA (Thermogravimetric analyser) 

Thermogravimetry is a technique to study the rate of chemical reactions based on the 

change they cause on the weight of a sample. It is an easy method to obtain time resolved data, 

and thus it is very common in the study of reaction kinetics. In practise, thermogravimetric 

analysers(TGA) consist of a balance from which the sample hangs into a furnace. The main 

advantage of TGA is that it allows a good characterization of kinetics by evaluating the reaction 

rate as a function of the environment but also as a function of char conversion (X). Char 

conversion is a term derived from the curves of mass loss as shown in Eq. 8. 

𝑋 =
𝑚0 − 𝑚

𝑚0 − 𝑚∗
 

(8) 

Where m, m0 and m* represent the temporal, initial and final mass of sample, respectably. 

In this thesis the TGA was used to study the intrinsic char reactivity of the blends of BL 

and PO presented and discussed in the chapter 4.1 of the thesis and in paper I.  
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FFR (Flat flame reactor) 

The FFR was utilized to study the whole conversion sequence of a fuel droplet from liquid 

fuel to ash. The FFR we utilised is composed of a transparent chamber with a burner sitting on 

the top. The burner (McKenna type by Holthuis & Associates) generates a laminar, flat flame 

which governs the atmosphere of the chamber below. The device combusts premixed mixtures 

of CH4 and air, allowing to adjust the air-to-fuel equivalence ratios. The chamber is made of a 

cylindrical quartz body with 4 ports that allow; a) imaging b) temperature reading and most 

important c) introduction of the biomass sample.  

The experiment started by lighting the burner and letting the environment reach the steady 

state. Thereafter, the biomass particle is introduced into the chamber by a pneumatic cylinder. 

The morphological change of the fuel droplet was recorded at 30 Hz by a 3CCD camera. The 

section formed by the projection of the particle on the camera plane was used to calculate the 

diameter of the particle, as a function of time. This information was used to calculate different 

parameters such as swelling ratio, devolatilization time and the char oxidation time. 

The main advantage of this device is that, unlike TGA, the conversion sequence is 

uninterrupted. Besides, the temperature and heating rates in the FFR are more realistic of gasifiers 

than the TGA. However, in the measure that the device provides a more representative 

environment it is also much less controllable. For instance, it does not allow to adjust the 

temperature and the gas composition of the reactor chamber independently. Additionally, the 

unpredictable behaviour of the char during the swelling of the fuel droplets (see figure 9), 

sometimes leaning towards the flame, others against it, introduced a strong random element in 

the results. Furthermore, the harsh environments in this device implies that experiments are 

rarely in regime I (chemical-controlled regime) of char gasification. This work comes as 

complement to the study of the intrinsic char reactivity in TGA as well as DTF. The results are 

shown and discussed in the section 5.2 of the thesis and in paper I. 
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Figure 13 Sequence of images of the conversion of a droplet of BL. Note that the droplet undergoes an important swelling 
during the first instances of the conversion. This behaviour was seen not only for BL bust also PO. 

DTF (Drop tube furnace) 

The experiments with the drop tube furnace consists on dropping particles into a tubular 

reactor located inside a furnace, hence the unimaginative name of drop tube furnace (DTF). For 

sufficiently small particles (<300 µm) the slip velocity between the particles and the gas is small 

and thus the particles are can be assumed to be suspended or entrained in the flow. This makes 

the DTF a good device to study gasification at a particle level without the typical external 

perturbations of probes or sample holders. The DTF in question that we utilised in our campaign 

possessed other advantages. It is designed to stand temperatures as high as 1400 °C. Besides, the 

usage of a water cooled feeding probe ensures that the particles encounter a sharp temperature 

gradient that can reproduce the high heating rate of characteristic of EFG. Furthermore, it 

allowed to collect all the products formed in the gasification, allowing to conduct mass balances 

and report product yields. A sketch of the device is provided in figure 14, showing the relevant 

phenomena that take place inside the reactor. We utilised the DTF, especially, to quantify the 

formation of undesired by-products of gasification. These products are defined in the table 5, 

and highlighted in the figure 14. Other products such as the main gases species were also 

measured but mainly utilised to verify the closure of the carbon balance, which on average was 

99%. 
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Figure 14 Sketch of the DTF illustrating the different phenomena that takes place in its interior. It also illustrates the location 
in which the measurements of the residual carbon are collected. 
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Table 5 Description of the different sources of residual carbon.  

Source of residual carbon Description 

C in char  Mass of carbon in the gasification residue (Char + ashes)  

Black C in filter Mass of carbon in the filter (excluding C as CO3-2) 

Deposited C Mass of C recovered by passing O2 through the tube after each experiment 

C in C2 gases Mass of C as C2H2 and C2H4. C2H6 was always below the detection limit 

C in tar Mass of C in tar. Further subdivided by number of aromatic rings 

 

The biomass sample were fed into the reactor tube downdraft in the form of small particles 

(90-200 µm for BL/PO and 200-300 µm for impregnated biomass). On the course of an 

experiment, the particles would undergo devolatilization and char oxidation and the resulting 

gasification residue (char and ash) would accumulate into the char bin, this material can be then 

collected for chemical analysis. The small solids that were carried entrained in the flow out of 

the reactor were filtered off first by a cyclone and then by a glass filter. The material captured by 

the cyclone consisted of attrited char and was considered as part of the gasification residue 

whereas the material in the filter mainly consisted of inorganic aerosols and black carbon (soot). 

The condensable components were dissolved by bubbling the gas in methanol at -50 °C and the 

resulting solution was analysed by gas chromatography (GC-FID). The composition of the non-

condensable gases was continuously measured by gas chromatography (GC-TC) with a 

measuring interval of 140 seconds. Further details concerning the experimental and analytical 

methods are available in the appended papers II and V. 
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4 Results and discussion 

This chapter discusses the some of the results. To facilitate the flow of discussion, the results have been 

grouped by the research topic rather than by experimental campaign. In this way, the chapter starts by 

presenting the catalytic activity of alkali on char conversion. The discussion is then extended to the role of 

alkali to the rest of gas-phase reactions. In the third section we discuss the role of sulphur both in combination 

with alkali but also in isolation. The chapter ends by exploring the effect of alkali at the highest temperatures. 

4.1 Alkali catalysed-char gasification 

In BL gasification achieving a high degree of carbon conversion in the gasification residue 

is a critical to recycle the pulping chemicals. Therefore, the experimental work started by 

investigating on the basis of TGA experiments how adding PO into BL would affect the intrinsic 

reactivity of the resulting char. Thereafter the work proceeded in the DTF to evaluate carbon 

conversion in conditions that were more relevant for EFG. Besides, in the last experimental 

campaign the study was extended to alkali- impregnated biomass. That allowed us to improve 

the understanding of the role of alkali by comparing different samples, in which alkali had been 

added in different amounts and through different methods. 

4.1.1 Intrinsic reactivity 

Alkali has long been documented to catalyse intrinsic reactivity of the char. At relatively 

low alkali concentrations there exists a linear correlation between the amount of alkali and the 

char reaction rate. Yet, several studies have pointed out that there exists a saturation threshold 

for the catalytic activity of alkali. This threshold has been reported between 0.08-0.2 mol alkali: 

mol C [36,63,72,66]. In a typical BL the alkali to carbon ratio lays around 0.3-0.45 and therefore, 

in principle, BL would allow for a substantial dilution of the alkali (by blending it with alkali-

poor fuels such as PO) before compromising the catalytic activity. Nevertheless, because this 

threshold is vague and influenced by many factors and because of the criticality of carbon 

conversion in BL it was decided that it had to be verified wheatear diluting the alkali 

concentration in BL (by adding PO) would lead to a decrease in the intrinsic reactivity of the 

resulting char. 

The results of the TGA analysis are shown in Fig. 15 as Arrhenius plot (see paper I for 

more detail). The figure shows that there is a remarkable difference between the reactivity of the 

chars from the three BL-based samples and that of PO. Such a difference is mainly attributed to 

the catalytic activity of sodium on char gasification, yet it cannot be isolated from others sample-

dependent features such as the porosity of the char or the structure of the carbon matrix. The 
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main finding shown in the figure, however, is that the reactivity of the chars from BL/PO blends 

is not statistically different from that of pure BL. This indicates that the alkali content in a BL-

based fuel can be diluted from ca. 21% Na (0.41 mol (Na+K): mol C) to 15% (0.26 mol (Na+K): 

mol C) without witnessing any signs of a decrease in the catalytic activity. This observation 

indicates that the catalytic activity of alkali in BL saturates below 0.26 mol (Na+K): mol C, thus 

it is consistent with the saturation thresholds reported in the literature. 

 

Figure 15 Arrhenius plot showing the instantons reaction rate of char at X=0 (initial state).  

 

4.1.2 Char conversion 

Another way to evaluate char gasification is by looking at the amount of carbon that remain 

in the char after a given residence time. This approach was utilized in experiments with the DTF 

as this device did not provide time-resolved data and thus could not utilized to calculate 

gasification rates.  

The results in Figure 16 shows that adding potassium in bark and wood lead to a significant 

decrease in the amount of unconverted carbon. Straw, however exhibited a different behaviour 

which will be discussed later. Given that alkali does not affect mass transfer, or at least in any 

positive way, the decrease of the amount of C in the residues as a function of the amount of 

potassium should be interpreted as an increase of the intrinsic reactivity of the chat due to 

potassium. In this way, it is reasonable to think that alkali compounds remain catalytically active 

at temperatures and heating much higher than those reproduced in TGA experiments. The figure 
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also shows adding more than 4% K in bark and in wood does not reduce any further the carbon 

left in the residues thereby giving the impression that the effect of alkali is saturated above 4%. 

Nevertheless, in these cases the C conversion is so high, that the leftover traces of C are no 

longer a good indicator of the intrinsic reactivity of the char. Besides, it should be noticed that 

a substantial fraction of the remaining carbon is present as K2CO3. 

 

Figure 16 Yields of carbon in the gasification residue as a fraction of the carbon in the fuel. Experiments with the spray 
impregnation method at T=1000 °C and 5 % CO2. Error bars show 1 standard deviation. N=3 for K=0,4% and N=2 for K=2,8%. 
The results were obtained from the campaign nr. 6 

 

4.1.3 Contact between the alkali and the biomass 

Another relevant research question was to determine how critical was the contact between 

the biomass and the alkali. To target this question, biomass samples were impregnated with alkali 

through different methods. The different methods were designed to reproduce various degrees 

of contact between the alkali and the biomass. The methods are referred as: dry mixing, spray 

impregnation and wet impregnation, listed with increasing level of contact (See chapter 3.1 for 

the details on the preparation methods). 
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Figure 17 Effect of the different impregnation methods on the amount of carbon left in the gasification residue (including 
carbon as CO3

-2) T=1000°C, CO2=5%. K=4 %. 

Figure 17 shows the amount of carbon found in the gasification residue as a fraction of the 

carbon in the original fuel. Analogously to figure 16, the reported carbon yields refer to the total 

measured carbon, including both unconverted C (organic) as well as C in the form of CO3
-2. 

The latter is estimated to be of the order of 0.01 mol mol-1 in the gasification residues from 

impregnated samples and negligible in these from non-impregnated samples. The figure reveals 

3 main things:  

a. Adding alkali leads to a considerable reduction in the amount of unconverted 

carbon. This results are consistent with the theory that alkali has a catalytic activity 

on char gasification. 

b. The behaviour of impregnated straw, however, is different to that of impregnated 

wood and bark. This indicates that there is a mixed effect between the fuel type 

and the presence of alkali 

c. Char conversion improved by adding potassium in any of the methods even 

through the dry mixing method. 

Observation a) has been discussed in the section above whereas the observation b) will 

centre the discussion in the next chapter (4.2.1.3). In this section we shall focus on observation 

c). 

As described earlier, the dry mixing method consisted on mixing the alkali as solid K2CO3 

particles within the biomass powder. Thus, this method subordinated any interactions between 
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the alkali and the biomass to the existence of gaseous potassium compounds. Although dry 

mixing was less effective than the other methods it is clear that compared to the original non-

impregnated fuel dry mixing had a noticeable effect on carbon conversion. Consequently, it can 

be argued that there must exist a gas-induced transfer of alkali from the solid K2CO3 particles 

into the internal surface of the char where the reaction occurs. Such pathway reduces the 

criticality of a good initial distribution of alkali in the fuel. A similar pathway has been recently 

reported based on experimental work in fluidized bed gasification[37]. In the referred publication 

it was evidenced that potassium could volatilize from the ash-covered bed material (olivine) and 

re-condensate on the char particles to catalyse char gasification Our results complement this 

study with a method that allows targeting the existence of the gas-induced migration of 

potassium in isolation from the many phenomena that take place in a fluidized bed. Furthermore, 

we have seen that this pathway is fast, within a time-scale of char gasification relevant for EFG.  

These findings can be discussed in relation to the mechanism through which alkali catalyses 

char gasification. As seen in the section 2.3.1. the overwhelming agreement was that alkali 

elements would undergo a redox cycle which transferred oxygen from the CO2 to the char. The 

main question was whether such cycle involved gaseous compounds of alkali or only alkali oxide 

melts. Two observations follow from the results with dry mixing a) Alkali must be first of all 

released into the gas phase and b) Once in the gas phase it must interact with the char and 

promote its oxidation. These observations are consistent with McKee’s mechanism. Paper V 

discusses the feasibility of this process on the basis of thermodynamics considerations. In figure 

18 McKee’s scheme has been applied to explain the results obtained from gasification with dry 

mixing of alkali. 
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Figure 18 Illustration applying McKee’s mechanism to the experiments with dry mixing. 

 

In relation to McKee’s mechanism (R1-R3 in figure 18) it can be revealing to see what 

happens in absence of external CO2. For this purpose, we can retrieve the SEM imaging of the 

gasification residues from campaigns 3 and 4, which investigated the behaviour of mixtures of 

BL/PO with and without CO2 respectively. As it can be seen in Figure 19, the images on the 

top (with 5% vol. CO2) show the presence of crystallised material on the surface, this contrasts 

with the bottom images (with 100% vol. N2) in which the surface appears naked. The crystals in 

consideration are believed to be sodium carbonate arising from the reaction R1+R2 in the 

mechanism above. These results are further discussed in the paper II. From that discussion it can 

be highlighted that the external CO2 had a strong effect in fixating the alkali on the condensate 

phase. 
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Figure 19 SEM images featuring the gasification residues arising from experiments with BL at T=100C and 5% CO2 ( top images) 
and 100% N2 (bottom images).  

 

4.1.4 Interactions of potassium with the inherent ash-forming elements of biomass 

Gasification should preferably utilize low-grade feedstock that cannot be revalorized 

elsewhere. These fuels are typically rich in ash forming element. Therefore, we investigated the 

effect of alkali not only in ash-lean fuels as stem wood but also in abundance of other inorganic 

elements. Particularly, we studied bark: a representative of forestry residues, which are rich in 

Ca, and straw: a representative of agricultural residues, which are generally very rich in Si.  

In the previous sections we saw that impregnating wood and bark with alkali improved 

carbon conversion, but that was not always the case in straw. Indeed, the addition of 2-4% of K 

in straw had a counterproductive effect on the yield of carbon remaining in the residue. The 

statistical analysis indicated that the combined effect between adding potassium and the fuel type 
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was significant (The analysis of the statistical significance of the effects is provided in the 

appended material of paper V). Notice that straw contains much more silicon than bark and 

wood (see table 3), thus the factor “fuel type” implicitly carries the effect of the silicon inherent 

in the fuel. Furthermore, silicon has a strong thermodynamic affinity for potassium and it has 

been widely described as a catalyst-deactivator[8,10,32–34].Therefore, the combined effect 

between the fuel type and adding potassium should be examined as a mixed effect between the 

added potassium and the inherent silicon in the fuel. Before proceeding with the discussion it is 

useful to show the distribution of potassium as expected from the thermodynamic equilibrium.  

 

Figure 20 Speciation of as predicted by the thermodynamic equilibrium at the experiment conditions T=1000°C, CO2=5%. 
K=0%/4%. For clarity all the compounds of K with Si have been grouped together in yellow.  

 

As shown in Figure 20, in straw a substantial fraction of potassium bonds to Si. The great 

majority of the potassium in this category is in the form of K2SiO3, yet other compounds with 

Al, Ca and Mg can also be formed, depending on the occurrence of these elements in the original 

fuel. The formation of K2SiO3 (or silicates in general) in the gasification of alkali- impregnated 

fuels has two main implications. One is that, because K2SiO3 is so stable it is unlikely that it 

participates in any chemical reaction nor as a reactant neither as catalyst. Thus, in our experience, 

the Si inherent in the straw was estimated to capture the first 1,5% of K (e.g. 0.015 g K/g fuel) 

and exclude it from any active role. The other implication is that silicate melts are very viscous 

and they stick to any surface. In this way silicate melts can induce particle agglomeration[73] and 

more importantly char encapsulation. The latter is very relevant as it can impair char gasification 
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by restricting the transfer of products and reactants to and from the char[35]. To determine 

whether the low carbon conversion observed in impregnated straw was a result of char 

encapsulation by silicates we conducted two different set of analyses. Heated microscopy was 

utilised to visualize the encapsulation event on real time whereas the actual gasification residue 

from the experiments was studied through SEM/EDS. 

In the heated microscope the samples were heated to a final temperature of 1000°C, which 

would be maintained for several minutes. In Fig. 21, a snapshot of the converting char has been 

provided at three different stages of the process, at T=800°C, at T=1000 °C and T=1000°C 

after a holding time of 5 minutes. The figure shows from top to bottom potassium-rich sample, 

a silicon-rich sample and finally a sample that is rich in both silicon and potassium. The char 

encapsulation phenomenon becomes very obvious in the latest case. In comparison, non-

impregnated straw showed much weaker signs of the ash layer whereas the potassium-

impregnated wood (top images) completed char conversion, without leaving any trace of an ash 

layer.  

 

Figure 21 Images obtained with the heated microscope. From top to bottom: non-impregnated wood, non-impregnated straw 
and impregnated straw. From left to right T=800°C, T=1000°C and at T=1000°C after a holding time of 5 minutes.  
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Yet, the images above are extreme cases exacerbated by the long residence time in the 

heated microscope and may not reflect exactly what happened in the experiments. Thus, we also 

conducted SEM/EDS imaging of the actual gasification residue arising from impregnated straw. 

Fig 22 shows the morphology of the residue from wet-impregnated straw (top images) and spray-

impregnated straw (bottom images). The left images feature a big domain, picked randomly, 

providing an idea of the overall sample whereas the right images focus on a region which was 

further mapped with EDS. The mapped area was carefully selected to include singular features 

such as external surfaces and internal sections of char particles but also material representative of 

the majority of the char. 

 

 

Figure 22 Appearance of the gasification residues arising from wet-impregnated straw (top images) and spray-impregnated 
straw (bottom images). 
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Figure 23 EDS mapping of the region showed in 23b. Gasification residue from experiments with wet impregnated straw. 
K=4%, T=1000C. EDS point analysis: Spectrum 1: 31.2% O, 20.5% Si, 12.3%K. Spectrum 2: -% O, 55.3% Si, 42.5%K. Spectrum 
3:24.9% O, 13.9% Si, 17.6%K. All percentages given on a mass basis.  
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The elemental mapping provided in the Fig. 23 reveals that considerable amounts of silicon 

were found on the external surface of large particles (e.g. to be read as unconverted particles). 

Besides, the signal of silicon is somewhat aligned with those of O and K, revealing the presence 

of K-Si-O rich compounds. The fact that K, Si, O predominate on the surface of large particles 

should not be interpreted as that these elements have affinity for large particles in particular, 

instead it should be understood as that the deposition of K, Si, O on the surface of any particle 

reduces the gasification rate of these thereby remaining unconverted. This observation, in 

combination with the imaging in the heated microscope and especially with the results 

experiments in the DTF, indicates that adding potassium in Si- rich fuels enhance the 

encapsulation of char particles by molten ashes, restricting the supply of oxidant gases (CO2 and 

H2O) to the reacting char particles and ultimately limiting char conversion. 

Another observation that could be made from the SEM imaging in figure 23, is that spray 

impregnation (bottom images) leaves a gasification residue that is clearly in a much more 

advanced stage of conversion than that resulting from wet impregnation (top). This is consistent 

with the yields of carbon in the char residue reported in figure 17. This observation suggests that 

the encapsulation event might be more severe if potassium is added through wet impregnation 

than through spray impregnation. The lower degree of contact in spray impregnation between 

the potassium and the inherent straw ash may limit the amount of potassium that reacts with 

silicon thereby avoiding to some degree the negative consequences of the formation of the 

K2SiO3 layer. 

The combined results indicate that the addition of potassium in Si-rich fuels, such as straw, 

is not only ineffective from a catalytic perspective but it may be also counterproductive because 

of the encapsulation of char by potassium silicates.  

4.2 Effect of alkali elements on homogeneous reactions 

During biomass gasification nearly all the mass of the original fuel transforms to gaseous 

species. These products, apart from the main gas species, (CO2, CO, H2, H2O) include a whole 

range of unstable volatiles (primary tars) which keep reacting through homogenous gas phase-

reactions toward more stable molecules. The formation of soot and aromatic tars are two 

important end products of these reactions and are highly undesirable gas impurities. This section 

discusses the effect of alkali in reducing the formation of these impurities (4.2.1.), as well as on 

the rest of the gas phase (4.2.2). 



51 

 

4.2.1 Gas impurities 

Gas impurities is a broad term utilised in this thesis to refer to any of the residual products 

that is either in the gas phase (e.g. tar) or, at least, entrained in the cold gas flow (e.g. soot). This 

category includes the measurements on C2 hydrocarbons, tar, black carbon in the filter and 

carbon deposited on the walls of the reactor. The last two in the list refer to a carbon-rich 

particulate material which is essentially soot, yet, because the word soot can have a very restrictive 

meaning[74], this thesis uses the more factual term “black carbon in the filter” and “deposited 

carbon” to refer specifically to the soot-like products collected in the experiments. Nevertheless, 

the term soot is still used whenever it does not strictly relate to the materials found in our 

experiments. 

 

Figure 24 Yields of carbon in the various sources of impurities expressed as a fraction of the carbon in the fuel. T=1000 °C and 
5 % CO2. Error bars show 1 standard deviation. N=3. The results were obtained in the experimental campaign nr. 6. 

Figure 24 presents the yields of the gas impurities for each of the impregnation methods. 

The figure reveals that there is a significant effect of the alkali on each of the products. On the 

one hand adding alkali to the fuel leads to a very severe reduction of the yields of black carbon 

in the filter, deposited carbon on the walls and C2 gases whereas in the other hand it seems to 

promote the formation of tar. This is an important finding, which addresses the very first research 
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question, and will be further discussed in this section on the basis of experiments with various 

amount of potassium. First, however, it can be discussed at what stage of biomass conversion 

does alkali intervene. The main question is to determine whether alkali affects already the 

devolatilization process by generating less precursors of soot from the beginning or if otherwise 

alkali affects soot formation by affecting homogenous gas-phase reactions after devolatilization. 

For this purpose, it is useful to pay attention to the experiments were alkali was fed through dry 

mixing. As, described already by now, in dry mixing the biomass is deprived of any interaction 

with the alkali until both streams have had enough time to be in the gas phase (e.g. after 

devolatilization). As it can be seen in the figure 24, the results obtained under the dry mixing 

method are similar to those by the wet and spray impregnation methods and at the same time 

significantly different to those seen in non-impregnated cases. This, while it does not reject any 

possibilities concerning what happens during devolatilization, indicates that the reduction of gas 

impurities in presence of alkali is a gas-phase phenomenon that occurs predominantly after the 

devolatilization of the fuel. As by now, it has been seen the impregnation method is not a critical 

factor. Thus, the remaining of the thesis focuses on spray impregnation as the only method to 

add the alkali into biomass. Thereafter, we can proceed to study the yields of gas impurities as a 

function of the amount of potassium added to the fuel.  

In figure 24 it was also seen that tar responded to alkali differently than the rest of the 

impurities. This diverging response to alkali can be better observed in Figure 25 on the basis of 

experiments with various levels of potassium. On the one hand, the yields of C2 gases, black 

carbon in the filter and deposited carbon respond very sharply to relatively small quantities of 

potassium. For these products, most of the effect is already captured already at a level of 2% K 

in the fuel. On the other hand, the yields of tar increase for low amounts of potassium, peaking 

at around 2-4% K to thereafter fall back below the levels of the non-impregnates fuels. Another 

observation that can be made is that the straw curves appear to be displaced towards the right, 

this is consistent with the idea that silicon inherent in straw removes part of the potassium from 

any active role, and in consequence straw requires higher levels of potassium than the other 

samples to show equivalent results  
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Figure 25 Yields of carbon in the various sources of impurities expressed as a fraction of the carbon in the fuel. T=1000 °C and 
5 % CO2. Error bars show 1 standard deviation. N=3 (for k=0,4%), N=2 (for k=2,8%). The results were obtained in the 
experimental campaign number 6. 

At the residence time and temperature of the experiments the collected tar species were in 

an advanced stage of conversion. Thus they consisted uniquely of aromatic hydrocarbons, with 

its size ranging from 1 to 5 aromatic rings.  

As described earlier, PAH are critical in the inception of soot. Therefore, it would be 

relevant to investigate how adding potassium affects not only tar in general but particularly the 

yields of heavier PAH tars (>3 rings). Figure 26 presents the yield of tar grouped by the number 

of aromatic rings. The figure reveals that light tars (1-2 rings) and heavier PAH tars (3-5 rings) 

responded differently to potassium. Heavier tars decreased moderately already at low 

concentration of potassium, showing similarities to the responses by soot and C2’s. On the 

contrary, lighter compounds (1-2 rings) peaked at around 2% of K. Given that lighter species are 

far more abundant that heavier ones they govern the trend of the combined yield of tar.  
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Figure 26 Yields of carbon in the various classes of tar expressed as a fraction of the carbon in the fuel. T=1000 °C and 5 % 
CO2. Error bars show 1 standard deviation. N=3 (for k=0,4%), N=2 (for k=2,8%). The results were obtained in the experimental 
campaign number 6. 

The results indicate that presence of alkali compounds in the reactor favour light tar 

species at the expense of larger PAH. In other words, potassium seems to stop light species from 

progressing towards PAH and by doing so it increases the yield of lighter species. However, at 

around 2-4% K, most of the effect of alkali on PAH (and ultimately soot) has already been 

captured, and therefore any additional potassium does not divert any more mass from PAH and 

soot towards light tars. Note that thereafter the yields of light tars drop below those in the non-

impregnated fuel. This observation shows that, despite the yield of light tars may increase in 

some situations, adding alkali eventually also reduces the formation of light tars.  

It is also important to consider that alkali reduces the yield of C2 gases on the first place 

(see figure 25). Consequently, the progression of light tars to heavier PAH through the HACA 

mechanism (reaction 9) is limited by the unavailability of C2H2. This may explain to some degree 

the inhibitions of PAH growth in presence of CO2.  
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Hydrogen abstraction carbon addition (HACA) 

𝑅𝑖 + 2𝐶2𝐻2 ⇔ 𝑅𝑖+1 + 𝐻2 (9) 

 Direct combination (growth by other species) 

 (10) 

 

4.2.2 Main gas species 

The term main gas species here refer to the most abundant non-condensable gases in the 

reactor. These species are CO2, CO, H2 and to a lesser importance CH4 and C2H2. Figure 27 

shows the gas species as measured in the experiments with various amounts of alkali. Adding 

alkali into the fuel diminished the yield of H2 diminished whereas it increased that of CO. The 

higher yield of CO in alkali-rich samples is in part explained by the catalytic effect of alkali on 

char conversion, shifting carbon from the solid phase to the gas phase However, the decrease of 

H2 suggest that the addition of alkali has another effect: it brings the composition of the gases 

closer to thermodynamic equilibrium. This phenomenon can be better illustrated by comparing 

the measured yields to those predicted by equilibrium. To represent that, H2 may be a better 

indicator than CO as the latter is affected by downstream gas reactions (CO is produced from 

cold reactions between K and KOH with CO2). Note, however, that if H2 is in equilibrium so 

should CO. Two different set of equilibrium compositions were calculated, the first one simply 

captures the global equilibrium of the reactor accounting for all the mass input into the reactor, 

the second one corrects the global equilibrium by discounting from the thermodynamic system 

that amount of carbon that was experimentally found as of solid non-equilibrium carbon (in the 

gasification residue, in the filter etc..) and thereby completely unavailable to the water gas shift 

reaction. The indicated calculations are shown in figure 28. In the figure it can be seen that in 

absence of alkali, the measured volume of H2 is well above that in thermodynamic equilibrium. 

Nevertheless, by adding potassium into the fuel the concentration of H2 became progressively 

closer to equilibrium. This finding agrees with previous reports [70] that indicated that alkali 

catalysed the water gas shift reaction (reaction 11). 

𝐶𝑂 + 𝐻2𝑂 
𝑘

⇔ 𝐶𝑂2 +  𝐻2 (11) 

𝐶𝐻4 + 𝐻2𝑂
𝑘

⇔ 3𝐻2 + 𝐶𝑂 (12) 

 

On the other hand, figure 27 also shows that the yield of CH4 increased in presence of 

potassium. CH4 is a product that originates from pyrolysis reactions and subsequently it 
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undergoes reform (reactions 12). Although at temperatures around 1000 °C the thermodynamic 

equilibrium does not include any CH4, some amount generally remains in the gas as the CH4-

reforming reactions are very slow below 1200°C [75]. It is therefore rather surprising that while 

alkali has been found to drive all the gasification products in the direction of the thermodynamic 

equilibrium (catalyse char conversion, reduce tar and soot formation and catalyse the water gas 

shift reaction) it drives the concentration of CH4 the opposite way from equilibrium. There may 

be different reasons that might explain this fact yet we cannot verify neither determinate the 

extent of each of them. One hypothetical reason is that CH4 could be a results of the reforming 

of C2’s gases. Note that the increase of CH4 is of the same magnitude than the reduction of 

C2H2 in terms of carbon mass. Another explanation, could be that because the reform of methane 

is catalysed by char surfaces[76] the catalytic effect of alkali on char conversion would indirectly 

also influence the reform of methane. 

 

Figure 27 Gas yields normalized to the mass of fed fuel. T=1000 °C and 5 % CO2. Error bars show 1 standard deviation. N=3 
(for K=0,4%) and N=2 (for K=2,8%). The results were obtained in the experimental campaign number 6. 
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Figure 28 H2 yield at the conditions of T=1000 °C and 5 % CO2. Markers referee to experimental values with the error bars 
showing 1 standard deviation. N=3 (for K=0,4%) and N=2 (for K=2,8%). The blue line correspond to the global equilibrium in 
the conditions of the experiments whereas the red lines correspond to the equilibrium composition but discounting from the 
system the amount of carbon that is found (experimentally) as a non-equilibrium solid products. 

 

4.3 Effect of temperature 

In general, the rates of reactions increase exponentially with temperature. However, 

temperature can also impair reactions due to changes in reaction mechanisms. One example is 

when high temperatures alter the physical state of the reactants in a way that reduces the contact 

between them. Similarly, catalytic reactions can be inhibited if the catalyst becomes thermally 

degraded or deactivated. In connection to this in the beginning of the thesis it was speculated 

that the extreme local temperatures in EFG (the temperature can exceed 1500 °C at certain 

region of the rector) might lead to a complete vaporization of alkali thereby becoming 

unavailable to catalyse the heterogeneous gasification of char. In this hypothetic case, it was 

feared that diluting the alkali concentration in BL by blending it with alkali-lean fuels would 

exacerbate the problem. To investigate this suspicion, we extended the study of BL gasification 

to temperatures as high as 1400°C. Similarly, in the work with alkali-impregnated biomass a 

subset of experiments was carried out at 1200°.  

Starting with the results for the BL/PO blends, we did not see any evidence of a 

counterproductive effect of high temperature upon char conversion. While we, indeed, 

identified a temperature-driven loss of alkali into the gas phase (see paper II for further details 

and discussion) it follows from figure 29 that loss did not impair carbon conversion, but instead 

carbon conversion improved with temperature. In fact, it was found that the concentration of 

alkali in the gasification residue (e.g. in the char before sampling) actually increased with 

temperature as the loss of carbon by gasification was more sensitive to temperatures than the loss 

of alkali. In this sense sulphur contributed to stabilize alkali at the temperature ranges of T=1000-

1300°C by forming Na2S. The gasification residue left at 800° C consisted on Na2CO3+ fixed 
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C whereas at 1200° only Na2S was found. At 1400°C there was nothing left as a residue. The 

figure also reveals that the set of experiments with large fuel particles (500-630um) exhibited 

lower degrees of carbon conversion than those with the smaller fuel fraction (90-200 µm), this 

manifests that the char gasification was heavily affected by mass transfer, this was, however, a 

very predictable result given the high reactivity of the BL chars. 

 

Figure 29 Carbon in the gasification residue as a fraction of the carbon in the fuel (referred as e.g. carbon conversion in papers 
II and III). The results were obtained in the experimental campaign nr. 3 with the DTF. Environment 5 % CO2.  

Additionally, this campaign of temperature-resolved experiments showed interesting 

results concerning tar, which are presented in Figure 30. The figure on the one hand, indicates 

that the amount of tar seems to decrease exponentially with the temperature of the reactor. On 

the other hand, it reveals that higher blending ratios of PO into BL resulted in much lower 

amounts of tar. A hypothetic explanation for this result is that because pyrolysis oil is very rich 

in oxygenated functional groups so will it be the primary tars that arise from the blends, as the 

elemental composition of the volatiles is well related to that of the parent fuel [77]. Eventually, 

primary tars richer in oxygen are expected to react more rapidly through secondary reactions 

thereby leading to a steeper decrease of tar as it travels down the tube. 
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Figure 30  Comparison between the concentration of tar in the syngas (CO+H2) generated in the gasification BL/PO mixtures 
and that generated by the gasification stemwood. The results were obtained from campaigns nr. 3 and nr. 6 respectively. 
Environment 5 % CO2.  
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Non-catalytic EGF of biomass operate at high temperatures, typically around 1200-

1300°C [78]. This temperatures, nevertheless, coincides in the range where the formation of 

soot is maximal. Given the criticality of the issue, we decided that it was necessary to verify that 

the soot-suppressing effect of alkali observed at 1000°C still applied at hotter regimes. The results 

of this study are provide in figure 31. 

 

 

Figure 31 Carbon in the different sources of residual carbon as a fraction of the carbon in the fuel. The results were obtained 
in the experimental campaign number 6 with the DTF. Environment 5 % CO2. 

At this advanced point of the thesis, I shall have mercy on the reader and refrain from 

going too deep in the results shown in the figure 31. Shortly, two main observations can be 

drawn from the results. One the one hand, at 1200°C soot accounts for the great majority of the 

undesired products, observations that is consistent with the current understanding on how 

temperature affects the distribution of products from a gasifier. And on the other hand, it can 

also be observed that the effect of alkali on reducing the yields of undesired products (and 

remarkably soot), discussed in the previous chapters on the basis of experiments at 1000°C, still 

hold at 1200°C. 
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4.4 Investigation of the role of sulphur  

It has been shown that the presence of potassium in the fuel leads to general decrease on 

the amount of gas impurities. Nevertheless, an insightful reader will have realised that there exists 

a big gap between the tar yields reported from alkali-impregnated biomass and those from BL-

based fuels (see figure 30). Similarly, BL also generated less soot that impregnated biomass. Given 

that the experimental conditions were equal for both campaigns such a difference must have 

arisen from the fuel itself. The differences between (a typical) impregnated solid biomass and (a 

typical) BL can be many, some of the main ones are: 

1. BL contains around 20% Na while the biomass that we tested contained ca. 4% K. 

2. The predominant form of organics in BL is dissolved (and potentially cracked) lignin, 

whereas in the impregnated biomass the lingo-cellulosic structure of the wood remains 

intact. 

3. Besides alkali, BL also contains 3-6% of sulphur in the dry basis, whereas in biomass this 

value is of the order of a few hundred ppm. 

As it follows from figure 26, the first observation in the list is partially responsible of the 

difference between BL and impregnated biomass. However, a study based on experiments at a 

2–4-MWth fluidized bed gasifier reported that sulphur had also a tar-suppression role. The work 

concluded that sulphur reduced the amount of tar enhancing the mobility of potassium[32]. 

Therefore, we decided to further investigate the hypothetic effect of sulphur in a more controlled 

configuration, paying attention not only to tar formation but also the rest of undesired products. 

For the purpose, different compounds of sulphur were used: K2S, K2SO4 and Fe2SO4. This was 

because we wanted to test sulphur both alongside with potassium but also without it. 

Furthermore, both K2S and K2SO4 were tested to determine whether the oxidation state of 

sulphur had any effect.  

The effect of sulphur on the formation of undesired by-products was investigated and the 

results are presented in Figures 32 and 33. It can be observed from figure 32 that adding FeSO4 

into the biomass did lead to a decrease in the formation of soot-like material (black carbon in 

the filter and carbon deposited on the walls of the reactor) as well as C2 gases (precursors of soot), 

indicating that there is a significant effect of sulphur independent to that of potassium. The effect 

of sulphur on the reduction of C2 gases seemed to be even more pronounced than that by 

potassium whereas the combination of the two (as in K2SO4 and K2S) drove the concentration 

of C2 species below the detection limit.  
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Figure 32 Carbon in the different sources of residual carbon as a fraction of the carbon in the fuel. The results were obtained 
in the experimental campaign nr 7 with the DTF. The fuel was stemwood. Environment T=1000 °C, 5 % CO2. Error bars show 
1 standard deviation. N=3. 

 

Figure 33 Carbon in the different classes of tar as a fraction of the carbon in the fuel. The results were obtained in the 
experimental campaign nr. 7 with the DTF. Environment T=1000 °C, 5 % CO2. Error bars show 1 standard deviation. N=3. 
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Lastly, figure 33 presents the influence of sulphur on tar. There are two main observations 

that should be made from the figure: The first one is that sulphur has a significant independent 

effect on tar which is relatively similar to that of potassium; it increases the yield of light tar 

species (1-2 rings) whereas it reduces that of heavier species (3-4 rings). The second one is that 

the compounds that combine both sulphur and potassium (as in K2SO4 and K2S) have a larger 

effect than that sulphur and K in isolation.  

In summary, impregnating biomass with sulphur compounds seem to have a significant 

effect on reducing the overall yield of gas impurities, not only in combination with potassium 

but also without it. The feasibility and suitability of increasing sulphur in the system (either 

through addition or recirculation) should be explored by counterpoising its benefits to the 

drawbacks as the formation of H2S and COS.  
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5 Implications of the results to a full-

scale gasification process. 

This chapter has been written to interpret the findings of this thesis in connection to biomass gasification 

in a real-scale gasification. The chapter consist on three sections: first, it is presented a general overview of 

the influence of alkali. Then, some suggestions for the co-gasification BL with PO are provided in the second 

section whereas some concerning the gasification of alkali-impregnated biomass are provided in the last section. 

  

5.1 General overview of alkali 

Before proceeding, it may be good to remind that the environment of real gasifiers is quite 

different from those in the laboratory devices we have utilised. Full scale EFG are generally 

pressurized (tens of bars), while the environments studied in this thesis are atmospheric and 

diluted with nitrogen. Therefore, the absolute figures that provided in this section should not be 

taken as representative of gasification. Instead, they serve the purpose of discussing how alkali 

affects the yields of impurities by using the non-impregnated fuels as a reference. Analogously, 

the influence of PO on the blends BL is evaluated by using BL as a reference. This remark could 

be extended to the majority of figures in the thesis.  

To provide a more general overview of the benefits of alkali on biomass gasification it 

would be meaningful to illustrate the influence of alkali for a wide variety of biomass types, with 

different characteristics. For that purpose, the results of all the samples investigated within the 

course of the thesis have been compiled in this section. This compendium includes not only the 

work that has been presented in the chapters above but also some additional results that were 

part of other research projects. The experiments shown in this compendium were all carried out 

in the DTF through the same procedure and at the reference conditions of 1000° C, 5% CO2 

(balanced with N2), a gas flow of 5.1nl/min, a reactor length of 2.3 m and a fuel feed rate of 

approximately 5 g/h.  
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Figure 34 Yield of carbon in the gasification residues as a fraction of the carbon in the incoming fuel. X-scale: concentration 
of alkali in the fuel. Conditions: T=1000 °C. CO2=5%. A manual trend has been provided to guide the eye. 

 

 

Figure 35 Yield of black carbon in the filter (soot) as a fraction of the carbon in the incoming fuel. X-scale: concentration of 
alkali in the fuel. Conditions: T=1000 °C. CO2=5%. A manual trend has been provided to guide the eye. 
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Figure 36  Total mass of tar normalized to the mass of fed fuel. X-scale: concentration of alkali in the fuel. Conditions: T=1000 
°C. CO2=5%. A manual trend has been provided to guide the eye, the manual trend leaves as outliers the results for the 
synthetic BL. A linear trend has also been provided for a more conservative guidance. 

It is inevitable to have some bias in the plots shown in figures 34-36 (for example the far 

right of the plot is governed by the sole behaviour of BL) as the choice of fuels was never made 

to conduct a regression analysis. The figures aim instead at providing an overview of the general 

effect of alkali in presence of many (perturbing) factors inherent of biomass (chemical structure, 

physical structure, chemical composition, etc.). A general trend is visible in each of the plots, 

indicating in all cases that higher amounts of alkali are associated to lower yield of undesired by-

products. The effect of alkali is most pronounced on the yield of black carbon in the filter (Figure 

35), in which case most of the effect is already captured at a concentration of alkali around 4%. 

Indeed, the results on black carbon show a very low spread, thereby evidencing that the 

reduction of soot in presence of alkali is a very strong effect and very robust to the variations in 

the type of fuel. On the other hand, the yields of carbon in the residue and tar shown in figure 

34 and 36, respectively, are less sensitive to the amount of alkali in the fuel. In consequence 

higher levels of alkali are required to achieve the full effect of alkali. Furthermore, in both cases 

there exists a bigger spread on the results, showing that the results are not govern exclusively by 

alkali but that there exist other relevant factors.  

The curves above do not provide the figures of the optimal amount of alkali that should 

be added into the fuel but they provide indication to estimate the optimal point. The optimal 

point will depend also on the penalties of using alkali (thermal ballast, cost of recycling, etc.) as 
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well as the purpose for which the gas is generated. For instance, if the syngas is aimed for chemical 

synthesis (required to be virtually free of tar impurities) then there are strong incentives to adding 

high levels of alkali. On the contrary if the gas is to be used for power generation then it may 

be preferable to add lower amounts of alkali as the light tars and methane do have an energetic 

value. 

The combined results indicate that the impact of alkali on the performance of biomass 

gasification is a robust phenomenon which can be assumed to happen to some extent in virtually 

any carbonaceous fuel. 

 

5.2 Co-gasification of BL and PO 

The benefits of co-gasifying BL with PO are clear from an energy perspective: Increasing 

the energy content in the fuel entails that the energy losses in the process become relatively 

smaller, ergo the CGE increases. However, we should verify that co-gasification is similarly 

feasible from a technical perspective. The following section presents the implications of blending 

PO into BL concerning: 

 “Mixability” of PO ad BL 

 Char conversion 

 Methane formation 

The first question to be asked before implementing the co-gasification of BL with any 

other fuels at a full scale is: are the two fuels mixable? Indeed, one of the reason behind the 

choice of PO as the co-fuel with BL was that it was already a liquid and could be, to some 

extent, mixed with BL, forming a homogenous liquid. The “mixability” of BL with PO was 

thoroughly investigated by Furusjö and Pettersson [71]. They concluded that 25- 20% of PO 

could be mixed with BL without any consequences on phase separation or flowability. However, 

because the lignin in BL is kept dissolved only at pH above 11, and PO is acidic, adding more 

than 20% of PO could result in precipitation of part of the lignin as solid particulate. Therefore, 

given the challenges involving pumping and atomizing slurries, the co-gasification of BL and 

PO at the existent pilot gasifier was limited to 20% PO[27]. However, lignin precipitation did 

not prevent studying blends containing 30% of PO at the laboratory scale. And, as it has been 

seen, the behaviour of BP30 turned to be very similar to those of BP20 and BL. 

One of primary objectives in the processing of BL is to be able to recover and recirculate 

the pulping chemicals. For an efficient recovery process, the most important criteria that ought 
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to be verified is that the resulting green liquor has a minimal content of unconverted carbon 

(often referred as TOC, total organic carbon). There is plenty of pilot experience in BL 

gasification and the conclusion is that gasification performs similarly to the conventional 

combustion process [18]. Yet, in the event of adding PO in BL (or any other mixable fuel) it has 

to be verified that char conversion remains equally satisfactory. On a fundamental level, that was 

done on the basis of TGA focusing on the intrinsic reactivity of the char and through DTF 

experiments focusing on char conversion at higher temperatures. The conclusion from both 

campaigns, as discussed previously, was that the blends of PO and BL behaved very similarly to 

pure BL. These results were consistent with the subsequent experience at the pilot scale gasifier 

which confirmed that adding PO into BL did not negatively affect the total organic carbon in 

the green liquor [27]. Nevertheless, the criticality of char conversion in BL gasification is such 

that, a flat flame burner (FFB)was utilised to compliment the results obtained from the TGA and 

the DTF in more realistic conditions (see the description of the FFB found in chapter 3). The 

complete results of the experiments with the FFB can be found in paper II. Here the focus is set 

on the results concerning char conversion.  

 

Figure 37 Char conversion time as a function of the initial droplet size. The right plot magnifies the Y-scale to improve the 
visualisation of the BL-based fuels. The results were obtained from experimental campaign nr. 2 

It can be seen in figure 37 that the conversion of char from PO takes a much longer time 

than from BL-based fuels. This, once again, manifests the excellent properties of BL as a fuel for 

gasification. It is helpful, thus, to re-scale the graph to explore the results for the different BL/PO 

blends. We can then see that there is not any evidence of a different behaviour caused by the 

addition of PO. Indeed, the reactivity of the char of BL/PO blends remained as high as for pure 

BL (see fig 15 in the section 4.1.1), and therefore the carbon conversion resulting from the blends 
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should not be a concern. Thence, the implementation of co-gasification of BL with PO at a full-

gasification scale is not limited by char conversion but by the “mixability” of PO with PO.  

Besides, it becomes very clear from figure 37 that there is a strong correlation between the 

char conversion time and the size of the initial fuel droplet. This correlation indicates that the 

conversion was strongly dictated by mass transfer phenomena. Therefore, little can be achieved 

from a chemical perspective and instead the attention should be focussed on reducing the size of 

the fuel droplets. Atomization of liquid fuels appears therefore as the most critical aspect 

influencing char conversion of BL (and by extension to BL/PO). 

On a different topic, the operation of any gasifier requires adjusting very carefully the ratio 

of fuel to oxidizer. This requires monitoring some parameter that is sensitive to such ratio and 

using it as a feedback reading for the control system. In practise, the parameter in consideration 

is the concentration of CH4 downstream of the gasifier. Because of the importance of CH4 as 

control parameter it should be investigated whether it is affected by the addition of PO. The 

results are presented in the Figure 38. The figure reveals the unsurprisingly strong sensitivity of 

CH4 to the temperature. It also shows that BL generates considerably less methane than ordinary 

biomass. Finally, it can be seen that adding PO into BL leads to a light increase in CH4, which 

should be borne in mind in the control of the gasifier. 

 

Figure 38 Concentration of methane in the syngas (CO+H2). The results were obtained in the experimental campaigns nr. 3 
and nr. 5 
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5.3 Gasification of impregnation of biomass  

Unlike in BL gasification, tar and soot are real challenges in the gasification of more 

general types of biomass. The deposition of these products leads to fouling and plugging of 

critical surfaces (valves, tubes, sensors, catalyst…) and can be very problematic for prolonged 

downstream conditioning and upgrading of syngas. Different specifications for tar concentrations 

have been reported for different syngas application[40]. For a given gasifier design tar can be 

minimized by operating the gasifier at a “hot regime” (high lambdas). However, that comes with 

an associated decrease of the CGE. From the results presented in the section 4.3 it follows that 

a relatively cold (1000°C) but alkali-enhanced EFG process is preferable over a hotter process 

from a gas-purity perspective. 

For simplicity, the impregnation of the biomass should be conducted with the alkali stream 

as recovered from the ashes dissolved in the quench. The speciation of potassium in the quench 

effluent is largely in the form of carbonate and bicarbonate with minor concentrations of 

chlorides depending on the content of chlorine in the original fuel. In the unfortunate event of 

having to add an external source of alkali the price should be an important selection criterion. 

Thus Na2CO3 could be a reasonable alternative to K2CO3 as the market price of sodium 

compounds is less than half that of their potassium analogues. Alkali sulphates could also be 

considered as the external source as K2SO4 has shown to be even more effective as a catalyst than 

K2CO3, yet it should be weighed against having H2S in the syngas, which is very poisonous for 

downstream catalyst[4] and for which removal from the syngas is associated with an important 

cost. Logically, the question that follows is how should K2CO3 be dispersed in the biomass? As 

seen in the chapter 4 the initial contact between the biomass and the alkali (e.g. impregnation 

method) was not an important factor influencing effect of alkali. In this way the impregnation 

method should be selected on the basis of practical considerations. In that regard, spray 

impregnation is the best because of its technical simplicity. Spray impregnation is also preferable 

for many other reasons. For example it avoids the undesirable leaching of carbon that may occur 

in wet impregnation [36], and it is also preferable over wet mixing due to the lower energy 

requirements for drying the biomass after impregnation. Furthermore, spray impregnation allows 

for a better control on the amount of potassium added than any of the other methods.  

It has also been seen that the silicon inherent in the fuel can undermine the benefits of 

impregnating the fuel with potassium. Therefore, it would be recommendable to avoid the 

build-up of silicon in the system. For that purpose, it should be explored how to selectively 
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purge silicon out of the system. However, if silicon removal is not possible through reasonably 

simple methods, then those fuels with an alkali to silicon ratio below 2 mol mol-1 should be 

avoided.  

Finally, the impregnation of biomass fuels with alkali compounds was also found to 

increases the levels of CH4, logically this fact needs to be accounted for if the operation of gasifier 

is controlled on the basis of CH4 measurements. 
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6 Concluding remarks 

This thesis investigated the effect of alkali on biomass gasification by means of experimental work. 

This chapter aims to summarize the major contributions of the work in the understanding of how alkali 

improves biomass gasification. The stated can be conducted on the basis of the research questions formulated 

in the section 1.4 

6.1 Research questions 

 On what reactions or on what products of biomass gasification does alkali show a significant effect? 

Alkali was found to have a significant effect not only on catalysing char gasification (well-

known from literature), but also on the formation of gas impurities: notably suppressing the 

formation of C2 hydrocarbons, heavier tar and soot-like material, favouring instead the presence 

of lighter species. The yield of light tars was also affected by alkali, peaking at small additions of 

alkali but decreasing, at high alkali levels, below the yields found in non-impregnated samples. 

The answer to question above inevitably led us to formulate a sub-question. 

o In what stage of biomass conversion does alkali act to reduce gas impurities? 

Alkali predominantly acts after devolatilization through homogenous reactions, which 

inhibit the growth and clustering of light aromatics into heavier PAH. The reduction of C2’s 

gases is also thought to occur after the devolatilization stage. 

 

 What is the sensitivity of the various undesired products of gasification to alkali?  

The response of the undesired products of gasification to various concentration of alkali 

showed two main tendencies. One the one hand C2’s gases, heavy tar and soot-like material 

responded very sharply to potassium, showing a tenfold reduction already at a concentration of 

2% K in the fuel, the effect above this threshold was marginal. On the other hand, the effect on 

lighter tars and char conversion was less intense but did not seem to saturate above 8% K. In any 

case, in BL (17% Na) alkali seem to be completely saturated as its content could be diluted by 

nearly 40% without any evidence of a reduction of the activity. 

 

 Is the type of contact between the alkali and the organic matrix an important factor?  

The initial contact between the biomass and the potassium did not have a strong influence 

neither on gas impurities nor on char conversion. The results achieved by supplying the alkali 
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through dry mixing (very little contact) were similar to those in which the alkali had been mixed 

more intimately with the biomass.  

 Can alkali become deactivated owing to: 

o interactions with other ash forming elements in the biomass?  

It was found that the beneficial effects of alkali were impaired by the inherent content of silicon 

in the fuel. Silicon showed thermodynamic affinity to capture potassium to form potassium silicates. 

These compounds besides being chemically inert drove the formation of an ash melt layer that in our 

experience encapsulated the char particles and limited severely char conversion. In contrast, calcium 

was not found to have any direct effect on gasification, yet it could potentially be beneficial as in certain 

thermodynamic conditions can outcompete potassium in bonding with silicon.  

 

o loss of alkali into the gas phase at high temperatures? 

We identified a release of alkali into the gas phase which would increase with temperature. 

Nevertheless, the loss of alkali was not found to undermine char conversion, as the gasification 

of organic material was more rapid than the release of alkali. The abundance of sulphur in BL 

contributed in stabilizing part of the alkali in the condensed phase at temperatures of 1000-

1300°C. Additionally, as mentioned in the second research question it was found that the 

suppression of gas impurities by alkali took place in the gas phase and consequently a partial 

vaporization of alkali is beneficial. 

6.2 Summary of the main contribution to the understanding of the 

mechanism 

The answer to the research questions above can be re-formulated in correspondence to the 

mechanism through which alkali enhances biomass gasification. 

Main contributions to the understanding of the mechanism of alkali-catalysed char gasification 

It has been found that the initial contact between the organics and the alkali in raw fuel is 

not critical. The results suggested that there exists a solid gas condensed phase pathway that 

could supply and distribute the alkali on the reacting char. Besides, in presence of high natural 

concentrations of silicon, adding potassium led to the formation of a molten silicates layer on the 

surface of the char that restricts mass transfer. 
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Main contributions to the understanding of how alkali reduces the formation of gas impurities 

It has been confirmed that alkali has a very significant effect in reducing the amount of 

soot and heavy tars. The observations indicate that alkali, rather than catalysing the reforming of 

primary tars, reduces the likelihood of light aromatic to progress toward heavier PAH clusters, 

thereby inhibiting the formation of soot-like material. One way in which alkali seems to cause 

this effect is by supressing, at an earlier stage, the formation of C2H2, which is a critical precursor 

to the growth of PAH through the HACA mechanism. 

 

Beyond the alkali-focused objectives of the thesis the role of sulphur in gasification was 

investigated as an off-spin work. It was found that sulphur had a soot-inhibiting role similar to 

that shown by alkali, nonetheless unlike alkali sulphur seems not to catalyse char gasification. 

 

This thesis found that the combined effect of alkali was very notable and very beneficial 

for biomass gasification and particularly for entrained-flow gasification. The results motivate the 

continuation of work at a lab-scale with, using methods that allow targeting certain phenomena 

more specifically (see the following chapter) but also at a larger scale to address the many 

challenges of implementing the technology. 
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7 Limitations and further work 

This chapter aims at highlighting the limitations of the work presented in this thesis with 

the aim to provide guidance for future work. This thesis has evaluated many different factors 

simultaneously. The width of scope, has limited, to some degree, the depth of the study. This 

observation is echoed for instance by the fact that a big part of the results was obtained from 

experiments with DTF. This device is very useful to investigate the gasification behaviour of 

fuels, but it has its own limitations. Most importantly the DTF does not provide time-resolved 

information nor optical access. In some way, the DTF can be thought of as a black box which 

allows a good characterization of the outcome of gasification at the expense of a good insight of 

the chain of events that leads to such outcome. Although an intensive effort has been done to 

reason the results, many aspects of the mechanisms through which alkali intervenes in the 

gasification still remain hypothetic and should be verified with other methods. The significance 

of the results and its implications on biomass gasification should encourage to proceed the work 

on alkali-enhanced gasification. In particular, it would be very relevant to expand the 

understanding on how alkali reduces soot formation with experiments that allow some of the 

following:  

 To study the effect of alkali on homogenous reaction in isolation of heterogeneous 

process. E.g. by conducting reactor flow experiments with gaseous tar compounds and 

gaseous alkali without the presence of char particles moving with the flow. These 

experiments could be coupled with a method that allowed measures at different stages of 

conversion 

  To obtain space-resolved information of the release of gaseous alkali compounds. as a 

function of the environment and/ or the content of silicon in the fuel. Such information 

could be obtained through optical techniques. It would be interesting to search correlations 

between the release of alkali and the concentration of soot-related products (C2H2, PAH, 

soot). 

In the area of fuel chemistry there is also some work to be conducted. For instance, the 

interaction of alkali has not been characterized for other important ash-forming elements such 

as P and Cl. Additionally, the current investigation of the interactions between potassium and 

silicon could not decouple the effect of silicon from that associated to the morphological and 

chemical structure of straw. Thus, the current work should be complimented with: 
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 Experiments that investigate the impregnation of a reference fuel not only with potassium 

but also with silicon and or other important ash elements 

Furthermore, to scale up the alkali-impregnated gasification process, the current work 

should be followed by testing alkali-impregnated in more realistic conditions, for example in a 

pilot-scale gasifier. That would, logically, allow a better assessment of the ultimate effect of alkali 

but most importantly it would allow to identify some of the many technical problems that may 

arise in the implementation of such an ambitious gasification process.  
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a b s t r a c t

Alkali metals inherent in black liquor (BL) have strong catalytic activity during gasification.

A catalytic co-gasification process based on BL with pyrolysis oil (PO) has the potential to be

a part of efficient and fuel-flexible biofuel production systems. The objective of the paper is

to investigate how adding PO into BL alters fuel conversion under gasification conditions.

First, the conversion times of single fuel droplet were observed in a flat flame burner under

different conditions. Fuel conversion times of PO/BL mixtures were significantly lower than

PO and comparable to BL. Initial droplet size (300e1500 mm) was the main variable affecting

devolatilization, indicating control by external heat transfer. Char oxidation was affected

by droplet size and the surrounding gas composition. Then, the intrinsic reactivity of char

gasification was measured in an isothermal thermogravimetric analyser at T ¼ 993e1133 K

under the flow of CO2eN2 mixtures. All the BL-based samples (100% BL, 20% PO/80% BL, and

30% PO/70% BL on mass basis) showed very high char conversion. Conversion rate of char

gasification for PO/BL mixtures was comparable to that of pure BL although the fraction of

alkali metal in char decreased because of mixing. The reactivities of BL and BL/PO chars

were higher than the literature values for solid biomass and coal chars by several orders of

magnitude. The combined results suggest that fuel mixtures containing up to 30% of PO on

mass basis may be feasible in existing BL gasification technology.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Gasification-based biorefineries are alternatives to fossil fuel

based platforms to generate electricity as well as produce

heat, fuel and chemicals [1,2]. Gasification of biomass is the

step to obtain raw synthesis gas as the basis for biorefinery.

Entrained flow gasifiers use pulverised or liquid/sludge

biomass, and have the potential to be scaled up to a sizewhere

complex fuel production systems are economically feasible.

Operation temperature of entrained flow gasifiers is normally

kept high enough to obtain very high conversion of char and

generate low amounts of tar. However, a high gasification

temperature leads to low cold gas efficiency because partial

combustion of the feedstock supplies the process heat.

Black liquor (BL) is a liquidby-product fromtheKraft pulping

process, mainly consisting of dissolved lignin, spent pulping
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chemicals (primarily Na2S, NaOH, Na2CO3, and Na2SO4) and

water. Most current pulp mills recover the chemicals in BL by

Tomlinson type recovery boilers and generate heat and power

[3]. Alternatively, BL can be gasified into syngas for wider ap-

plications [4]. Thecatalytic activityofalkalimetals inBLenables

full carbon conversion at a temperature as low as 1273e1373 K

in entrained flow gasifiers [5,6]. In Piteå, Sweden, a 3 MWth BL

gasification (BLG) plant has been operating for more than

20 000 h (from 2008 to September 2013), and syngas is further

refined into bio-dimethyl ether (BioDME) since 2011. BioDME

has been used for the field tests of heavy-duty trucks. The

detailed information is provided in Ref. [7].

An investment in a BLG plant is advantageous regarding

efficiency and economic performances compared to a new

recovery boiler investment [8]. However, the availability of

black liquor, connected to the pulp production, limits the

maximum production potential. Furthermore, the BLG plant

has to have high availability to ensure the return of crucial

cooking chemicals (Na2S and NaOH) to the pulp mill. Adding

pyrolysis oil (PO) in BLG plant may increase production vol-

umes of second generation biofuels and improve the opera-

tional flexibility, which can lead to further improvement of

the economic performance of the plant [9,10].

However, gasification of PO [11] requires higher tempera-

tures than BL. Furthermore, mixing PO into BL prior to gasifi-

cation will result in new fuel properties, e.g. heating value and

alkali content. The change in fuel properties could hamper

technical feasibility by incompletechar conversionorexcessive

formation of soot and tar, leading to amore difficult recovery of

chemicals [3]. High reactivity of char is important since char

gasification normally represents the rate controlling step.

Many types of fuels including BL undergo swelling during

devolatilization. For coal, char formation conditions (i.e.

temperature, heating rate and pressure) are important for

swelling and thus for the physical structure of coal chars [12].

Devolatilization in CO2 atmosphere has also been shown to

increase both porosity and reactivity of coal chars [13]. For BL,

the physical structure of char is known to be important for

combustion [14] and gasification [15e17]. A detailed droplet

modelling study of BL devolatilization by J€arvinen et al. [18]

highlighted the importance of swelling to char morphology.

Additionally, swelling largely affects the motion of char par-

ticles in the flow [17]. Frederick and Hupa [14] found that BL

swelled at higher degree in the presence of oxygen. Noopila

et al. [19] showed that the relation between lignin and

aliphatic acids in BL is important for swelling. In summary, it

is important to study devolatilization and swelling behaviour

of BL and BL/POmixtures to understand if any differences in a

gasification process can be expected.

The intrinsic reactivity of BL char gasification is several

orders of magnitude higher than other types of biomass and

coal [16,20e23]. The catalytic activity of alkali compounds in

BL is thought to be responsible for high reactivity and several

studies have suggested possible reaction mechanisms

[24e28]. Char gasification rate is proportional to the fraction of

alkali metals at relatively low concentrations [23,29]. None-

theless, it was saturated at >100 mmol mol�1 of Na to C in

synthetic BL [26]. Furthermore, catalytic activity might also

differ for other reasons such as varying contact between alkali

species and the organic matrix. Mixing of PO with BL

decreases the fraction of alkali metals in the char, and it is

unclear if BL/PO mixture would still maintain high char gasi-

fication rate. Therefore, it is critical to study the gasification

rate of char formed from blends of BL/PO.

This study investigates fuel conversion characteristics for

different mixing ratios of BL and PO in detail by using two

types of experiments. First, single droplets were devolatilized

and gasified in-situ using a methane flat flame burner. Con-

version time and swelling ratio were investigated at various

droplet sizes and atmospheres. Next, intrinsic char gasifica-

tion reactivity was measured in an isothermal thermogravi-

metric analyser (iTGA). With these experiments, we

investigated if the time required for fuel conversion was as

high as BL when PO was mixed with BL and if it is the case,

what were the reasons behind short fuel conversion time.

2. Experimental method

2.1. Sample preparation

We worked with black liquor (BL), pyrolysis oil (PO) and their

mixtures (with PO accounting for 20% and 30% on weight

basis), denoted BP20 and BP30. These ratios were selected to

have a mixture with precipitation of solid particles (BP30) and

a homogenous mixture (BP20).

BL was used as received from Smurfit Kappa Kraftliner mill

(Piteå, Sweden) that produce ca. 700 000 tons of pulp annually.

Original wood materials consist of 1/3 of hard wood (Betula

pendula) and 2/3 of soft wood (Pinus sylvestris) mainly from

forests inNorrbotten County in Sweden, but occasionally from

other Baltic countries as well. PO was used as received from

VTT pyrolysis pilot plant (Espoo, Finland). The original mate-

rial was stumps of fir (Pseudotsuga menziesii), which was taken

from a pulp mill. Table 1 shows the properties of the black

liquor and pyrolysis oil. BP20 and BP30 were prepared in a

beaker on a heated plate (363 K) for 10minwith a liquidmixer.

2.2. Fuel conversion of single droplet

Single droplet conversion experimentswere carried out with a

McKenna flat flame burner (FFB) by Holthuis & Associates

Table 1 e Fuel properties of raw samples. All the fractions
are on mass bases. Mass fraction of oxygen was
calculated by difference. BL: black liquor; PO: pyrolysis oil.
n.a.: not analysed, w.b.: wet basis, d.b.: dry basis.

PO BL

Moisture (w.b.), % 26.3 27.2

Combustible (w.b.), % n.a. 33.3

Ash content (w.b.), % n.a. 39.5

HHV (w.b.), MJ kg�1 16.7 9.23

C (d.b.), % 39.7 30.6

H (d.b.), % 7.70 3.40

N (d.b.), % 0.10 0.08

S (d.b.), % <0.01 5.10

Cl (d.b.), mg kg�1 <50 1600

K (d.b.), % n.a. 3.24

Na (d.b.), % n.a. 21.6

O (d.b.), % 52.5 35.8
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(Fig. 1a). Flow rates of methane, air, and N2 were controlled

and measured by thermal mass flow meters (MASS-VIEW se-

ries, Bronkhorst high-tech B.V.). Methane and air were pre-

mixed at three air-fuel equivalence ratios: l ¼ 0.833, 1, and

1.25 and then supplied to the FFB. The methane flame was

located less than 2 mm away from the exit of premixed

methane-air mixture. A N2 stream was supplied surrounding

the flame at the same gas velocity as themethane-air mixture

at standard state (100 mm s�1). A cylindrical quartz tube with

sampling ports was used to stabilize the flow of combustion

gas and N2. Gas temperatures measured by a thin-wire ther-

mocouple (diameter: 100 mm) are shown in Table 2. The table

also shows the calculated equilibrium gas composition at the

measured temperature.

Before the experiment, a single droplet of fuelwas placed on

the tip of a thin wire (diameter: 200 mm) connected to a pneu-

matic air cylinder. The location was adjusted to be on the cen-

treline of the FFB (after introduction of the droplet) and 21mm

away from the burner outlet. The flame was ignited while the

droplet was kept outside the chamber. After the flame became

stable, the droplet was introduced into the FFB chamber by the

pneumatic air cylinder. The morphological change of the fuel

droplet was recorded at 30 Hz by the 3CCD camera (CV-M9 GE,

JAI). The area formed by the projection of the particle on the

focus plane was used to calculate the diameter of the particle,

D¼ (4A/p)0.5, asa functionof time.This informationwasused to

calculate different parameters such as swelling ratio, devola-

tilization time and char gasification time.

2.3. Intrinsic reactivity of char gasification

2.3.1. Experimental set-up
Both char preparation (devolatilization) and char gasification

experiments were carried out with an isothermal thermog-

ravimetric analyser (iTGA), shown in Fig. 1b. The iTGA is a

vertical cylindrical reactor with a diameter of 100 mm. The

length of the electrically heated reaction zone is 450 mm.

Samples can be kept in the reaction zone hanging from a

precision scale. The atmosphere of the reaction zone can be

controlled by a continuous gas flow from the bottom of the

reactor. Samples can be quenched in a cooling zone with ni-

trogen after the experiment to avoid further oxidation.

2.3.2. Char preparation method
Both PO and BL swell during devolatilization. To minimize the

effect of mass transfer on the apparent char reactivity, char

was prepared prior to the gasification. Approximately 1 g of

the sample in an alumina crucible was pyrolyzed in the iTGA

at T ¼ 813 K and PCO2 ¼ 101.3 kPa for 8 min. Char was ground

and sieved to a particle size of 200e300 mm. CO2 was selected

as carrier gas because it is more representative to devolatili-

zation conditions in entrained flow reactors than N2 while

inert conditions generates less porous chars [30]. A moder-

ately low pyrolysis temperature was chosen to avoid partial

char conversion at this stage. Although these experimental

conditions are not fully representative of entrained-flow gas-

ifiers, char reactivity obtained is useful for the purpose of the

study, since the accumulated BLG pilot plant experience

makes it possible to use BL as a reference.

Char morphology and alkali distribution were investigated

by a scanning electron microscope (SEM), model: JSM-6460LV

Fig. 1 e Schematic diagrams of experimental apparatus. (a)

Flat flame burner (FFB). (b) Isothermal thermogravimetricc

analyser (iTGA).

Table 2 e Air-to-methane equivalence ratios for the FFB
experiments. Resulting gas temperature at the location of
droplets was measured and gas composition was
calculated by chemical equilibrium at the measured
temperature.

l 1.25 1 0.833

Flow rate at standard state, L min�1

Air 15.26 14.97 14.69

CH4 1.28 1.57 1.85

Gas velocity at T ¼ 300 K, mm s�1

100 100 100

Measured gas temperature, K

1334 1348 1441

Calculated mole fraction of gas, %

N2 72.9 71.5 67.6

H2O 15.5 19 17.9

CO2 7.8 9.5 7.3

CO 0 0 3.5

O2 3.9 0 0

H2 0 0 3.7
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by JEOL, with an energy-dispersive X-ray spectroscopy (EDS),

model: 7574 by Oxford Instruments.

2.3.3. Experimental procedure
Prior to the experiments, the reaction zone was heated to the

reaction temperature (993e1133 K) and filled with reaction

atmosphere (from 10% to 100% volume fractions of CO2 in N2

at total pressure of 101.3 kPa). Char sample (~100mg) was held

in a platinum wire-mesh basket with a diameter of 15 mm,

and kept in the cooling zone. The sample basket was then

moved to the reaction zone by lowering the wire. The mass of

the sample was measured at 0.5 Hz. After the sample stopped

losing its mass (i.e. sample completed char gasification), the

sample basket was extracted from the reaction zone and then

quenched in the cooling zone. Each experiment was repeated

between 2 and 5 times in order to estimate reproducibility.

Additional experiments were conducted to quantify the

organic carbon (char) in the gasification residue (ash) at

T ¼ 1093 K and PCO2 ¼ 101.3 kPa for 800 s. An alumina crucible

was used instead of a basket to hold larger amounts of char.

Since alkali content in char usually exists as salts, it can be

separated by dissolving into water. Therefore, gasification

residue was dissolved into distilled water, and filtered by a

paper filter with a retention size of 0.5 mm to separate organic

carbon from alkali salts. The solid residue was then weighted

in the precision balance.

2.3.4. Data treatment and reproducibility of data
First, noise in the recorded mass signal was removed by a

lowpass digital Butterworth filter (3 zeros and a normalized

cut off frequency of 0.03). Thereafter, each mass loss curve

was standardized to char conversion according to Eq. (1).

X ¼ m0 �m
m0 �m*

(1)

Here, m, m0 and m* represent temporal, initial and final

mass of sample. Reproducibility of the experiments was

evaluated from repeated experiments. A pooled variance sp
involving all experimental conditions was calculated by Eq.

(2). For conversion time, we assumed constant absolute vari-

ability while constant relative variability was used for con-

version rate and kinetic parameters. Hence, si in Eq. (2) can

represent either a relative or an absolute standard deviation of

the repeated measurements.

s2p ¼
Pðni � 1Þs2iP ðni � 1Þ (2)

3. Results and discussion

3.1. Fuel conversion characteristics of single droplet

3.1.1. Morphological change of droplet during conversion
The FFB was used to observe the fuel conversion of BL, PO and

their mixtures under conditions similar to those found in

entrained flow reactors. The aim was to investigate the effect

of BL/POmixing on fuel conversion, especially devolatilization

time, swelling ratio, and char gasification/oxidation times.We

should note that the results of this experiment were affected

by both chemical kinetics and mass and heat transfer.

Fig. 2 shows the example of the images during the fuel

conversion of a single droplet (l ¼ 1.25, BL). The droplet was

initially heated and swelled with flame of volatiles. The flame

disappeared almost at the same time (<0.1 s) when the droplet

showed the maximum area (t ¼ 0.267 s for Fig. 2). The char

particles had a cenosphere structure after devolatilization

(empty core with thin film-like solid surface). Then, char

particles shrank or lost their surface by char gasification and/

or combustion. The acquired images were used to further

analyse the characteristic times of the fuel conversion pro-

cesses (i.e. devolatilization and char gasification). Fig. 3 shows

the typical evolution of the normalized particle diameter vs.

time. Sincewe cannot observe the change in temporalmass in

the FFB setup, we regarded that devolatilization lasted from

the insertion of droplet (i.e. first frame with the droplet inside

the image) until the droplet/char area showed maximum

value. Then, we assumed that char gasification/oxidation

started at the end of devolatilization and completed when

char could no longer be observed in the images.

3.1.2. Devolatilization time
Fig. 4 shows the devolatilization time against the initial

diameter of the droplet. The effect of reaction conditions on

pure BL samples is illustrated in Fig. 4a. It shows that the

devolatilization time was a linear function of the initial

droplet diameter (see Supplementary Materials for more

detail). The effect of reaction conditions was not significant

compared with the experimental uncertainty. In general,

devolatilization proceeds while droplets (or particles for solid

fuels) are being heated. Therefore, the devolatilization time is

decided as a result of competition among chemical reactions

and external and internal heat transfer. Table 3 shows the

characteristic times of these processes [31]. The characteristic

time of chemical reactions is independent of droplet size

while the times for external and internal heat transfer are

proportional to initial droplet diameter and the square of

initial droplet diameter, respectively. Therefore, the observa-

tion from Fig. 4, i.e. the linear correlation between devolatili-

zation time and the initial droplet diameter, indicates that the

process was controlled by the external heat transfer.

Fig. 4b shows the comparison of devolatilization time

among the four samples (BL, BP20, BP30 and PO). These plots

contain the experimental data of all examined equivalence

ratios because air-to-fuel equivalence ratio of the methane

flame had a negligible effect on devolatilization time as shown

in Fig. 4a. No significant difference in devolatilization time

was observed among any of the samples.

3.1.3. Swelling ratio
Swelling resulted in the formation of cenospheres with a

relatively thin char layer. Therefore (Dmax/Do)
2 was chosen to

quantify the degree of swelling. Fig. 5 illustrates the swelling

ratio against the initial diameter of the fuel droplet. Fig. 5a

indicates that reaction conditions did not affect the swelling

ratio.

Fig. 5b shows that BL based fuels swelled more than pure

PO. However, no significant difference was observed between

BL, BP20 and BP30. The figure also showed a vague correlation

between the swelling ratio and initial droplet diameter

although it was weaker than experimental uncertainty
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(Supplementary Material). A possible explanation for the

correlation is that small particles experience a higher heating

rate, which is known to increase swelling ratio [12]. Besides,

we observed that large particles underwent overlapped stages,

i.e. a char particle was locally oxidized while other locations

were still swelling.

3.1.4. Char gasification time
Fig. 6 illustrates char gasification time (l ¼ 0.833) for the four

different fuels, (BL, BP20, BP30 and PO) as a function of the

initial droplet diameter. Comparison with devolatilization

time (Fig. 4) showed that gasification was the rate limiting

step. Gasification time of PO droplets was considerably longer

than that of BL based fuels. On the other hand, comparison of

gasification time among BL, BP20 and BP30 (Fig. 6b) showed no

significant difference. For the specific sample, char gasifica-

tion time showed a strong dependence on the particle size,

being approximately proportional to the square of the initial

diameter.

The main source of experimental uncertainty for char

gasification time is the random development of char struc-

tures under swelling. For instance, Fig. 6 shows 3 experi-

mental points for BP30 samples with unexpectedly short

Fig. 2 e Example of different conversion steps during the gasification of a single droplet in the FFB. Pure BL droplet with

particle size of 0.68 mm under l ¼ 1.25.

Fig. 3 e Normalized diameter change of droplet in FFB

under gasification conditions. Devolatilization time was

defined as the period during which the diameter of droplet

increases. Gasification/Oxidation time was the period

during which the diameter decreases.
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gasification time. These correspond to experiments when

char shapes were non-spherical thus increasing the ratio of

surface to volume. As the aim of the analysis was a qualitative

comparison of fuel conversion rather than a quantitative one,

these points were kept for the analysis.

The experiments showed the presence of heat and mass

transfer limitations in the fuel conversion of single droplet.

The next section shows the measurement of intrinsic char

gasification kinetics to understand responsible phenomenon

for shorter gasification time of BL/PO mixtures.

3.2. Intrinsic char gasification reactivity

3.2.1. Mass balance and char morphology
Fig. 7 shows the effect of fuel composition on char and ash

yields. Both yields show values slightly higher than ex-

pected by linear interpolation between PO and BL. Char

yields with ash content subtracted were approximately

15e20% for BL and PO/BL mixtures and approximately 10%

for PO.

In the gasification of BL, very high conversion of char is a

matter of big concern since the presence of organic residue in

the ashes would make recovery of pulping chemicals more

difficult [3]. Unreacted carbon left in the ashes was quantified

at T ¼ 1093 K as described in Section 2.3.3. No significant dif-

ference was found among samples, i.e. 2.1%, 2.1% and 2.3% for

BL, BP20 and BP30, respectively.

(a)

(b)

Fig. 4 e Devolatilization time of single droplet in FFB as a

function of initial droplet diameter. (a) The influence of air-

to-fuel equivalence ratios (l) for pure BL. (b) The effect of

sample types (BL, BP20, BP30 and PO) using all air-to-fuel

equivalence ratios.

Table 3 e Characteristic times of physical and chemical
processes related to the fuel conversion for spherical
particles [31].

Processes Characteristic time

Chemical reactions, tch
(pyrolysis/char conversion)

1/k

External heat transfer, teh rpcpDp/6heff
Internal heat conduction, tih rpcpDp

2/36lp
External mass transfer, tem rpDp/6hm rga

Internal mass diffusion, tim Dp
2/36Deff

Fig. 5 e Swelling ratio of droplets during devolatilization in

FFB as a function of initial droplet diameter. (a) The

influence of air-to-fuel equivalence ratios (l) for pure BL. (b)

The effect of sample types (BL, BP20, BP30 and PO) using all

air-to-fuel equivalence ratios.
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SEM was used to study both the morphology and element

distribution in char samples as shown in Fig. 8. SEM images

indicate that BL, BP20 and BP30 had similar porosities and

structure with distribution of small grains all over the char

surface while PO had no visible grains (i.e. smooth surface).

Elemental mappings of Na by SEM/EDS (not shown in Fig. 8)

indicated that alkali elementswere homogenously distributed

for all char samples, which is an essential condition for cat-

alytic activity.

3.2.2. Char gasification reactivity
Fig. 9 shows char conversion as a function of time at

T ¼ 1093 K. PO hardly converted within 160 s while other

samples reached full conversion. The differences between BL

and BP20/BP30 were less than the experimental error

throughout the process. Fig. 10 shows the effect of fuel

composition on char conversion rate at X ¼ 0 for various re-

action temperatures. The char conversion rate showed no

statistically significant difference among BL, BP20 and BP30

despite different concentrations of alkali metals. Conversion

rates of BP20 and BP30 were much higher than those expected

from a linear interpolation between BL and PO, indicating that

the catalytic effect of alkali in BL acted also on the PO derived

part of the char. A possible explanation for this observation is

that themolar ratio of Na/C was over the threshold of catalyst

saturation. For synthetic BL this value was reported to be

100 mmol mol�1 of Na to C in the original fuel [26]. The ratios

of Na to C in the original fuels were 0.37, 0.29 and 0.25 for BL,

BP20 and BP30, respectively, based on data in Table 1.

Conversion rate of char gasification is usually a function of

partial pressure of the gasifying agent. However, char reac-

tivity of BL in this study did not follow the common reaction

mechanisms for CO2 char gasification as shown in Fig. 11. The

presence of carbonates and sulfates could lead to char

oxidation at high temperatures through inorganic reactions

[28], which may explain high reactivity of char even in low-

oxidizing atmospheres. This reaction mechanism will be

further studied in our coming research.

3.2.3. Modelling of char gasification reactivity
Conversion rate of char gasification is usually expressed as the

product of two functions: the rate coefficient, k(p,T), deter-

mined by the reaction conditions, and a structural function,

f(X), dependent on char conversion, X.

r ¼ dX
dt

¼ kðp;TÞ$fðXÞ (3)

This paper applied Arrhenius equation for the rate coeffi-

cient and random pore model (RPM) for the structural func-

tion. RPM takes into account the growth of pore surface as

conversion proceeds. This model has been successfully

applied tomodel conversion rate of biomass chars [21,23]. The

structural function of RPM, f(X), is shown in Eq. (4) (derivative

form) and in Eq. (5) (integral form).

fðXÞ ¼ ð1� XÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� j lnð1� XÞ

q
(4)

2
j

h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� j lnð1� XÞ

q
� 1

i
¼ kt (5)

Fig. 6 e Char gasification time of droplet in FFB as a

function of initial droplet surface area at l ¼ 0.833. (a)

comparison of all the samples; (b) comparison among BL,

BP20 and BP30.

Fig. 7 e Char (B) and ash (£) yields (wet basis) in the iTGA

as a function of PO fraction for different chars at 1133 K and

PCO2 ¼ 1 bar.
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h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� j lnð1� XÞp � 1

i
h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� j lnð1� 0:9Þp � 1
i ¼ t

t0:9
(6)

j was estimated from experimental data under all reaction

conditions using the reduced time at X ¼ 0.9 as shown in Eq.

(6). The parameters of the Arrhenius expression (Eq. (7)) can

then be calculated through regression analysis using experi-

mental rate coefficients from Eq. (3). A modification including

a reference temperature was used to reduce the sensitivity of

the pre-exponential factor to small changes in the activation

energy.

k ¼ kref exp

�
� Ea

R

�
1
T
� 1
Tref

��
(7)

Eventually, all parameters in RPM and Arrhenius equations

were estimated simultaneously by weighted least-square

method using independently estimated parameters as initial

values. The resulting values are shown in Table 4.

Fig. 8 e SEM images of char. (a) black liquor (BL); (b) BP20; (c) BP30; (d) pyrolysis oil (PO).

Fig. 9 e Char conversion vs. gasification time of BL, BP20,

BP30 and PO in the iTGA at 1093 K and PCO2 ¼ 1 bar. Dashed

lines show BL ±1 standard deviation.

Fig. 10 e The effect of black liquor fraction on the initial

conversion rate at T ¼ 1043, 1093 and 1133 K and

PCO2 ¼ 1 bar. Error bars show a range of ±1 standard

deviation. The dashed line illustrates the interpolation

between BL and PO.
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Estimated activation energies are 154, 142 and 140 kJ mol�1

for BL, BP20 and BP30, respectively. These values are not

significantly different considering experimental uncertainty.

While the activation energies determined in this work were

lower than in previous work on BL [16], they are within the

range normally seen for other types of biomass and coal chars

that have lower reactivity [32,20e23]. Higher reactivities of

alkali metal containing fuels are related to an increased pre-

exponential term rather than a reduced energy of activation

[25]. However, it does not contradict catalytic activity as acti-

vation energies found in this study aremerely apparent values

of the overall reaction rather than those of elementary

reactions.

Fig. 12 shows an Arrhenius plot for several types of

biomass and coal chars in 100% CO2 atmosphere, including

the experiments carried out in this study. Since there is no

significant difference in reactivities among BL, BP20 and BP30

chars, reactivity of BL char was plotted as a representative of

these three samples. Initial conversion rate of the plotted

species was coal < forestry biomass < BL. Initial conversion

rate of BL from this work was around 300 times higher than

that of high rank coal and approximately 15 times higher than

that of wood. They were slightly higher than the extrapolation

line of previous work on BL at lower temperatures. This dif-

ference might be caused, to some extent, by the difference in

char preparation methods. In this work, char was prepared

under CO2 flow, which is more close to the conditions in in-

dustrial gasifiers and tends to produce more reactive char

than conventional char preparation methods (low heating

rate under N2 flow) [13]. Reactivity of PO char was in the range

of other lignocellulosic biomass. The comparison with BP20/

BP30 demonstrates that the char reactivity of PO can be

significantly improved by mixing with BL.

4. Conclusions

The results indicated that the existing black liquor gasifica-

tion process may also be used for mixtures of pyrolysis oil

(PO) and black liquor (BL) without major modification while

application of pure PO was proven to be not feasible. Time

required for full fuel conversion (fuel conversion time) is an

important indicator to identify suitability of sample mixture

as gasification feedstock. Fuel conversion time of BL/PO

mixture was significantly lower than that of PO and compa-

rable to that of BL under practical mixing ratios. Char gasi-

fication was the rate limiting step of the entire fuel

conversion and its high intrinsic rate, due to catalytic activity

of Na, was responsible for short fuel conversion time of BL/PO

mixture. Nevertheless, char gasification was limited by

physical processes (diffusion of gasification agent) and it is

recommended to give efforts on reducing droplet sizes for

efficient gasification process.
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Fig. 11 e Initial conversion rate of BL char in the iTGA as a

function of CO2 partial pressure at T ¼ 1043 K and X ¼ 0.

Table 4 e Kinetic parameters estimated for char
conversion in CO2.

kref, s
�1 EA, kJ mol�1 Tref, K j Radj

BL 5.32$10�3 154 ± 11 1063 1.7 0.985

BP20 5.31$10�3 142 ± 16 1063 1.2 0.993

BP30 4.97$10�3 140 ± 19 1063 1.8 0.979

Fig. 12 e Arrhenius plot of the samples studied in this

study using rate coefficient at X ¼ 0. Literature data for BL,

solid biomass and coal chars were taken from Refs.

[16,21e23,32].
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Nomenclature

A: area

cp: specific heat, J kg�1 K�1

D: droplet/particle diameter, mm or mm

Deff: effective mass diffusivity, m2 s�1

Ea: activation energy, kJ mol�1

heff: effective heat transfer coefficient, W m�2 s�1

hm: mass transfer coefficient, m s�1

k: rate coefficient, s�1

kref: rate coefficient at reference temperature, s�1

m: mass of sample, g

ni: sample size

Radj: adjusted coefficient of determination, -

r: conversion rate, s�1

sp: pooled variance

t: time, s

t0.9: time at X ¼ 0.9

T: temperature, K

X: char conversion, -

Greek letters

l: air-to-fuel equivalence ratio, -

lp: thermal conductivity inside particle/droplet,

W m�1 s�1

r: density, kg m�3

t: characteristic time, s

j: dimensionless structural parameter

Subscripts

i: gaseous species

ga: gasifying agent

max: max value

p: particle/droplet

ref: reference

0: initial value

Superscripts

*: final value

Abbreviation

BioDME: biomass based dimethyl ether

BL: black liquor

BLG: black liquor gasification

EDS: energy-dispersive X-ray spectroscopy

FFB: flat flame burner

iTGA: isothermal thermogravimetric analyser

PBXX: mixture of pyrolysis oil (XX wt.%) and black liquor

(100-XX wt.%)

PO: pyrolysis oil

RPM: random pore model

SEM: scanning electron microscope

Appendix A. Supplementary data

Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.biombioe.2015.04.008.
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h i g h l i g h t s

� Blends of black liquor (BL) and pyrolysis oil (PO) were gasified in a drop tube.
� Equilibrium modelling qualitatively captured the fate of alkali species.
� Experimental vaporization of alkali exceeded the prediction by equilibrium.
� Diluting the alkali by blending PO in BL did not lead to alkali depletion in the char.
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a b s t r a c t

The catalytic activity of alkali compounds in black liquor (BL) enables gasification at low temperatures
with high carbon conversion and low tar and soot formation. The efficiency and flexibility of the BL gasi-
fication process may be improved by mixing BL with fuels with higher energy content such as pyrolysis
oil (PO). The fate of alkali elements in blends of BL and PO was investigated, paying special attention to
the amount of alkali remaining in the particles after experiments at high temperatures. Experiments were
conducted in a drop tube furnace under different environments (5% and 0% vol. CO2 balanced with N2),
varying temperature (800–1400 �C), particle size (90–200 mm, 500–630 mm) and blending ratio (0%,
20% and 40% of pyrolysis oil in black liquor). Thermodynamic analysis of the experimental cases was also
performed.
The thermodynamic results qualitatively agreed with experimental measurements but in absolute val-

ues equilibrium under predicted alkali release. Alkali release to the gas phase was more severe under
inert conditions than in the presence of CO2, but also in 5% CO2 most of the alkali was found in the gas
phase at T = 1200 �C and above. However, the concentration of alkali in the gasification residue remained
above 30% wt. and was insensitive to temperature variations and the amount of PO in the blend.
Thermodynamic analysis and experimental mass balances indicated that elemental alkali strongly inter-
acted with the reactor’s walls (Al2O3) by forming alkali aluminates. The experience indicated that adding
PO into BL does not lead to alkali depletion during high temperature gasification.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Gasification is attractive for upgrading biomass into green
transportation fuels and chemicals. However, most gasification
technologies results in a gas with significant amounts of tars,

requiring complex and expensive gas cleaning. In contrast,
entrained flow gasifiers (EFG) generate a relatively clean gas,
reducing to great extent the complexity of gas cleaning. The main
differences from other types of gasifiers are short residence times,
high temperatures and the presence of a flame within the reactor.
Additionally, they are compact and can be scaled up to larger sizes
more easily than other technologies. The higher syngas quality
comes at the price of having to feed the fuel in a pulverized or liq-
uid form.

Black liquor (BL) is a residual liquid product from Kraft pulping
consisting of dissolved wood constituents (mainly lignin), pulping
chemicals (Na and S compounds) and water. BL combustion in

http://dx.doi.org/10.1016/j.fuel.2017.04.013
0016-2361/� 2017 Elsevier Ltd. All rights reserved.

Abbreviations: BL, black liquor; BLG, black liquor gasification; BPx, mixture of
pyrolysis oil (x wt%) and black liquor (100 � x wt%); DTF, drop tube furnace; EFG,
entrained flow gasifier; FID, flame ionization detector; GC, gas chromatography; PO,
pyrolysis oil; MS, mass spectra; SEM, scanning electronic microscope; TOC, total
organic carbon.
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Tomlinson recovery boilers is a well-established process to recycle
pulping chemicals and generate process steam and power in pulp
mills. Black liquor gasification (BLG) is an alternative technology
to recover chemicals and energy from BL that has attracted signif-
icant research interest through laboratory experiments [1–6], pilot
plant demonstration [7–9] and techno-economic analysis [10–12].
Indeed, BLG has demonstrated to be suitable for syngas upgrading
to transportation fuels [13]. The liquid form of BL is advantageous
in pressurized EFG, since it allows straightforward feeding and
atomization. The catalytic activity of alkali in BL allows low process
temperatures (around 1000 �C) with high carbon conversion as
demonstrated in a 3 MWth oxygen blown pressurized pilot scale
gasifier in Piteå (Sweden) [7]. This can be compared to the 1200–
1500 �C which is typically required for EFG of other types of bio-
mass [14–18].

The presence of alkali in the fuel has long been associated with
high char gasification rates along with more recent reports of
strong effect on tar and soot reduction [19–21]. Taylor and Neville
[22] provided in 1921 one of the first explanation of the catalytic
activity of alkali compounds. They attributed the catalytic activity
in C + CO2 and C + H2O reactions to and enhanced adsorption of
CO2 onto the fuel particle due to alkali carbonates. Fox and White
[23] later proposed an reduction-oxidation (RedOx) cycle of alkali
carbonate as the engine for oxygen transfer to carbon. Several
studies were carried out on the RedOx cycle, most notably McKee
[24,25], Kapteijn et al. [26] and Sams and Shadman [27]. Some
authors also suggested other types of mechanisms. For example,
Franke and Meraikib [28] proposed that sodium acted as an elec-
tron donor to the graphite lattice, Mims and Pabst [29] proposed
that alkali species increased the number of carbon active sites by
forming surface-salt complexes and Mejer et al. [30] proposed a
model with active sites, oxidized sites and chemisorbed CO2.

Several studies have indicated that the catalytic activity in char
gasification increases with the alkali-to-carbon ratio, but saturates
around 0.04–0.12 mol mol�1 [20,22,29,31,32]. Verill et al. [33]
reported a saturation threshold of 0.1 mol mol�1 of Na/C in syn-
thetic BL char. A typical BL contains much more alkali than needed
to catalyse carbon gasification; e.g. BL used in this study has an
alkali-to-carbon ratio of (Na + K)/C = 0.38 mol mol�1. Above the
saturation limit additional alkali can also be disadvantageous due
to pore blocking by inorganics deposits. Furthermore, in a full scale
gasifier, an excess of alkali content also leads to an energy penalty
in the form of thermal ballast. Therefore, one focus of current BLG
research, including the work presented in this paper, is increasing
the organic fraction of the fuel, i.e. decreasing thermal ballast while
maintaining catalytic activity. Co-gasification of BL with coal
[34,35], petroleum coke [35], pulp sludge [36] and solid types of
biomass [37] have been studied. The results showed catalytic activ-
ity in all cases but the degree varied depending on the fraction of
BL and the quality of the contact between fuels. From an opera-
tional point of view, homogenous liquid blends are preferable in
EFG. More recently, a techno economic study[38] showed that
co-gasification of BL and pyrolysis oil (PO) might be beneficial.
And a TGA study [39] concluded that char reactivity of BL/PO mix-
tures remained as high as that of pure BL up to 30% of PO addition.
However, this study was based on experiments at low tempera-
tures (720–860 �C). At higher temperatures, the vaporization of
alkali components can reduce the amount of alkali available as a
catalyst in the char [2,27,40,41]. Some studies have investigated
sodium release in BL [2,40,42–44]. The results reported vary
between less than 1% to as much as 30–40%. The disparity in
results is mainly due to the variety of environments studied. Gen-
erally, high temperature, low pressure and strongly reducing envi-
ronments enhance sodium vaporization. In EFG, local temperature
in the flame region can be well above 1400 �C. The effect of such
high temperature on alkali retention in the gasifying particles is

unclear, especially for alkali-diluted fuels such as BL and PO
mixtures.

The research in this paper and its companion paper aims to
increase the fundamental understanding of PO/BL gasification at
high temperature, complementing experiments carried out in pilot
plant scale [45]. The work is based on pyrolysis and gasification of
BL and PO/BL mixtures in a laminar drop tube furnace (DTF) using
temperatures relevant for commercial EFG. In part I (current
paper), we investigate if thermodynamic equilibrium modelling
could be useful to explain the fate of alkali. This work also studies
a hypothetic and undesirable depletion of alkali in the char parti-
cles at high temperature. In particular, we present how the release
of sodium and potassium are affected by temperature, gas atmo-
sphere, particle size and the amount of PO in the fuel blend. Part
II [46] addresses fuel conversion with special focus on undesired
by-products from gasification, i.e. CH4, tar and unconverted carbon.

2. Methods

2.1. Sample preparation

We prepared blends of PO and BL with different mixing ratios:
namely BL (0% of PO on weight basis, i.e. pure BL), BP20 (20% of PO)
and BP40 (40% of PO), BL was received from Smurfit Kappa Kraft-
liner mill (Piteå, Sweden). PO was received from VTT pyrolysis pilot
plant (Espoo, Finland).

BP20 was prepared by adding 80 g of PO into 320 g of BL, fol-
lowed by 20 min of mixing (model: VELP Scientifica Overhead Stir-
rer LS). The fuels were pre-heated to 60 �C to ease mixing. Given
that PO is acidic; BP40 would have reached a pH below what is
needed to keep lignin dissolved. Hence, to avoid lignin precipita-
tion, sodium hydroxide was added to BL; 240 g of BL were first
blended with a NaOH solution (12.5 g of NaOH and 12.5 g of
H2O) and subsequently blended with 160 g of PO. Mixing was per-
formed analogously to BP20. To expedite feeding in the drop tube,
the fuel was converted in dry solid particles as follows: The differ-
ent fuel blends were spread on a thin surface (1 mm) to avoid local
enrichments of inorganics during drying. Drying was carried out at
T = 105 �C for 16 h. Eventually, the dried fuels were grinded and
sieved into 2 different sieve sizes: one between 90 and 200 mm
and the other between 500 and 630 mm. Table 1 shows the proper-
ties of the prepared solids.

2.2. Experimental setup and procedure

The experiments were conducted in two separate campaigns:
one in oxidizing environment (5% of CO2 on volume basis, balanced
with N2) and the other in inert conditions. As one of the main
objectives was to investigate differences regarding alkali release
between pure BL and BL/PO mixtures the gas environments were
selected to have moderate vaporization of alkali compounds. Feed-
ing rate was kept low enough to minimize the disturbance of the
reactor’s environment by the release of products gases while high
enough to quantify minor gases. Volume fraction of CO2 at the
reactor exit was around 4.5% for the experiments in oxidizing envi-
ronment. All the experiments were conducted in an atmospheric
laminar drop tube furnace (DTF) shown in Fig. 1. The reactor con-
sists of an alumina tube (internal diameter: 54 mm, heated length:
2.3 m) heated by 6 heating elements with independent tempera-
ture control. Gas flow rate into the reactor is regulated by mass
flow controllers (Bronkhorst: EL-FLOW series). The feeding system
is based on a syringe pump that displaces upwards a bed of fuel
which eventually falls into the reactor through a hole in its middle,
the design is thoroughly described in this publication [47]. In our
setup vibration was applied to the feeding unit to improve the
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consistency of the fed flow. Fuel particles fall directly into the high
temperature zone in the reactor through a water-cooled probe.

Experiments were performed for 25 min at the feeding rate of
approximately 6.5 g/h. Primary gas (160 ml/min of N2 referred at
standard pressure and temperature) carried fuel particles into
the reactor while a secondary gas (4.90 L/min referred at standard
pressure and temperature) was concentrically supplied to set the
gas composition of the reactor. Gasification residues (char + ashes)
fell into a water-cooled char bin. The gas left the reactor through a
heated line set to T = 180 �C. As the partial pressure of tars was
very low this temperature was enough to avoid condensation of
heavy tars. The particles suspended in the gas were captured first
through a cyclone (URG corporation: URG-2000-30ENS-1; nominal

cut size 2.5 mm) and subsequently through a glass filter (Whatman
GF/A 50 mm; particle retention 1.6 mm). Based on SEM images, the
filter was able to capture particles as small as 0.8 mm. Condensable
compounds (tar and water) were collected by bubbling the gas
through a cold solvent. A microGC (Agilent 490 equipped with Por-
aPLOT U and MolSieve 5A columns) was used to continuously mea-
sure gas species (H2, N2, CO, CO2, CH4, C2H2, C2H4, C2H6, C3H8, H2S,
and COS) with a measuring interval of 140 s. In the experiments
with oxidizing conditions (5% vol. CO2,) the difference between
input and output streams of CO2 (e.g. the CO2 consumed by the
reactions) was accounted as a net input to the mass balance.

The larger particles (500–630 mm) were not entrained in the gas
flow; therefore the experiments with larger particles had shorter
residence times than those with the smaller ones. Residence times
were calculated by a particle-scale model presented elsewhere
[49,50]. Large particles had a residence time between 3 and 5 s
depending on the temperature while small particle had a residence
time between 8 and 12 s. The complete set of data is available in
the supporting material. The presented experimental data is the
average of all repeats at a certain condition. At least 3 repeats were
performed for those experiments involving small particles under
CO2.

2.3. Char collection and analyses methods

Both gasification residues collected in the char bin and fuel
samples were sent for ultimate analysis (C/H/N/S/O), total organic
carbon (TOC) and metal analyses (Na/K) (Mikroanalytisches Labo-
ratorium, University of Vienna, Austria). Each analysis was con-
ducted three times with a sample size of 0.75–3 mg. For TOC
analysis, the inorganic carbon was digested using two doses of
20 ll 0.2 M HCl for 2 h. Finally, V2O5 was added to the sample to
ensure complete mineralization. Both ultimate and TOC analyses
were performed using Eurovector EA 3000 by flash combustion
(at 25 kPa and T = 1000 �C under the flow of oxygen) with the sam-
ple loaded in a tin vial, further details on the methods can be con-
sulted elsewhere [51].

Metal analysis (Na/K) was performed on the samples by elec-
trophoresis. For that, an aqueous solution of alkali was prepared
by dissolving 2 mg sample in 100 ml of Milli-Q water/ethanol mix-
tures. Separation and detection were done using Capillary (Ion)
Electrophoresis on PrinCE Crystal 310 instrument equipped with

Table 1
Composition of the raw liquid fuels (to the left) and the dry solids samples (right). Only dry solids were used in the
experiments. All the results have been expressed on the dry basis.

BL PO BL BL BP20 BP20 BP40 BP40
liquid liquid 90-200 500-630 90-200 500-630 90-200 500-630

Ash contenta, wt.% 52.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
HHVb, MJ/kgb 12.9 23.4 13.2 13.3 15.3 15.6 17.1 17.2

C, wt.% 30.7 55.4 30.9 31.5 35.7 38.5 42.1 41.6
H, wt.% 3.70 6.60 3.73 3.73 4.10 4.19 4.20 4.30
N, wt.% 0.07 0.14 0.12 0.12 0.15 0.17 0.14 0.15
S, wt.% 4.30 n.a. 5.84 5.91 4.10 3.89 3.38 3.29
Cl, wt.% 0.19 0 0.19* 0.19* 0.15* 0.15* 0.11* 0.11*
K, wt.% 3.12 n.a. 2.66 3.11 2.36 2.17 1.64 1.77
Na, wt.% 20.6 n.a. 17.5 17.8 14.7 15.0 13.1 13.3
O (diff.), wt% 35.9 37.9 39.1 37.7 38.8 36.0 35.3 35.5

a: Ash content was measured at 550 �C in pure O2.
b: The HHV was measured in an oxygen environment of 30 bar.
wt.% refers to weight basis.
*Calculated based on a linear interpolation between liquid BL and PO.

Fig. 1. Sketch of the drop tube furnace used in the experiments [48].
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a TraceDec conductivity detector. The buffer solution (pH of 6.1)
was 30 mM L-Histidine/30 mM N-Morpholino-ethane-sufonic acid
with 1 mM 18–6-crown ether for optimized separation of NH4/K.
The silica capillary used in this case was of 4 cm diameter with
48 mm bore diameter. Across the capillary, +30 kV of potential dif-
ference resulted in 10–12 mA of current which facilitated the sepa-
ration and detection of Na and K. For all the cases above, the
samples were dried at T = 105 �C for 30 min before analysis. Scan-
ning electron microscopy on the fuel samples and residues was
performed using FEI Magellan 400 XHR-SEM (FEI Company, USA)
operating with a working distance of 5 mm, a voltage of 5 kV and
a probe current of 13 mm.

Those gasification residues collected from experiments under
inert environments were reactive and would spontaneously com-
bust if exposed to air due to the presence of elemental alkali. To
stabilize this material, a flow of 15vol.% CO2 (4.3 L/min N2 + 0.76-
L/min CO2 at standard temperature and pressure) was passed
through the DTF after each run for 20 min to transform elemental
alkali into carbonates. The extent of the reaction with CO2 (Reac-
tion (1)) was tracked by measuring the weight increase of the gasi-
fication residue during stabilization. This information was used to
recalculate the composition of the reactive char.

M þ CO2 $ 1
2
M2CO3 þ 1

2
CO ð1Þ

2.4. Thermochemical equilibrium calculation

Alkali loss from the char into the gas phase comes from reac-
tions that form alkali compounds with relatively low boiling point
(Na) or high vapour pressure (NaOH, NaCl, NaCN). Therefore ther-
modynamic calculations might be a helpful tool to investigate
alkali vaporization. Experimental results were compared and com-
plemented with thermochemical equilibrium calculations for the
discussion. Equilibrium compositions were calculated by minimiz-
ing the Gibbs potential (Gibbs free energy) of the reactor’s inputs
using the commercial software FactSage 7.000. We used the data-
bases FactPS 7.0 for gases and FTPulp 7.0 for the condensates
(FTpulp-MeltA for liquid solutions and FTpulp-Hexa for solid mix-
tures). The conditions studied by thermodynamic analysis were set
to be representative of the experimental cases but over a continu-
ous range of temperature. (T = 800–1400 �C). Additional thermody-
namic calculations were conducted to study the interaction
between the gas products (most notably gas sodium) and the walls
of the reactor (Al2O3).

3. Results and discussion

3.1. Comparison of thermodynamic equilibrium and experimental
observations

3.1.1. Main gas species
Fig. 2 shows outlet (cold) gas measurements versus the equilib-

rium composition, the latter was corrected to account for reactions
with alumina tube and downstream reactions (see chapter 3.4).
The results are normalized to the mass of fuel. In presence of CO2

(Fig. 2a), the outlet gas was not in equilibrium at T = 800 �C, but
above T = 1000 �C the experimental results showed good agree-
ment with equilibrium. Under inert conditions (Fig. 2b), both CO
and H2 experimental yields were both below equilibrium. Lower
gas yields were due to incomplete carbon conversion and multiple
non-equilibrium hydrocarbons (methane, tar). Experimental val-
ues approached equilibrium values at higher temperatures.
Despite both the input gas and fuel are dry, a significant amount
of water is formed through the water gas shift reaction. This needs

to be taken into account when considering oxidation reactions of
methane, char and tar.

3.1.2. Alkali compounds
Fig. 3 presents the speciation of sodium and potassium inside

the drop tube as determined by thermodynamic analysis. The main
thermodynamic pathways for alkali release are through the forma-
tion of Na, NaCN, NaOH and the potassium analogues. On the other
side alkali chlorides represent only a very small fraction of the
alkali compounds. It is worthwhile noting that in presence of CO2

Na and NaOH will undergo cold flow reactions after the exit of
the tube. CO2 has a strong role in keeping alkali in the form of Na2-
CO3 and Na2S and thereby in the particles. However, at high tem-
perature all the alkali elements are found in gas species even in
presence of CO2.

Fig. 4 shows the fraction of alkali which was left in the gasifica-
tion residue of particles at the exit of the reactor. This measure is
often referred as alkali retention in the following discussion. In
the current study the alkali release was more severe than in other
studies found in literature [2,40,42–44]. This is because in our case
the experiments were under gasification conditions with the envi-
ronment being N2-diluted and at a higher temperature. The alkali
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retention in the experiments with 5% of CO2 showed qualitative
agreement with equilibrium composition. However, in absolute
terms vaporization of alkali was under predicted by the equilib-
rium approach. In practise alkali compounds were exposed to local
conditions (inside carbon rich particles) that were much more
reducing than the global conditions in which the equilibrium was
calculated. In strongly reducing environments, alkali vaporization
proceeds through carbonate reduction (reaction (2)). Carbonate
reduction is thermodynamically more favourable for potassium
than for sodium. This might explain why the discrepancy between
experiments and equilibrium is higher for potassium and why the
release of potassium is larger than that of potassium (Fig. 4).
Another factor contributing to the last observation is that potas-
sium compounds have generally higher vapour pressures than
the sodium analogues. The point representing potassium retention
at T = 1000 �C under N2 environment was probably the results of
experimental errors. Note that potassium is much less abundant
that sodium and therefore potassium results are more sensitive
to experimental inaccuracies. Reaction (2) is also responsible for

the conversion of a substantial amount of carbon. Indeed, a typical
BL may undergo close to complete carbon conversion even in
absence of oxidizing gas.

M2CO3 þ 2C $ 2MðgÞ þ 3CO ð2Þ

3.2. Retention of alkali elements in BL/ PO blends

Fig. 5 shows the effect of mixing ratio on the retention of
sodium under oxidizing conditions. Retention of alkali was slightly
smaller for BP20 and BP40 than for pure BL. Thermodynamic calcu-
lations for the mixtures (see Supplementary material) supported
this observation. Experimentally, alkali retention in presence of
CO2 in large particles is comparable to that in the smaller ones.
In all cases, most of the alkali escaped to the gas phase at elevated
temperatures. However, alkali release came together with the loss
of carbon and other elements. Indeed, at T = 1400 �C the mass
remaining in the gasification residues was zero for experiments
with small particles and nearly zero for those with larger particles.
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Fig. 3. Distribution of alkali compounds under 5% CO2 (8a and 8c) and under 100% N2 (8b and 8d) as determined by thermodynamic equilibrium. The difference to 100
corresponds to other minor compounds.
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Therefore, the concentration of alkali left in the solids might be a
better measure to evaluate a potential depletion of alkali. Fig. 6
shows the combined mass concentration of sodium and potassium
in the residue from oxidizing conditions. For small particles it was
found to be insensitive to temperature changes. It also seemed
independent from the amount of PO in the fuel. For large particles,
the mass fraction of alkali left in the particles was limited by
unconverted carbon. Nevertheless for both particles the amount
of alkali was well above the value in the original fuels.

3.3. Char morphology

Fig. 7 shows SEM images of the gasification residues collected at
different conditions. The residues from BL and BP20 gasification at
T = 800 �C and 5 vol.% CO2 are shown in Fig. 7a and b respectively.
These residues show similar morphologies, both keeping ceno-
spheric structures and showing similar crystal-like deposits on
the surface. Such deposits tended to form near the openings of char
structure, indicating that they might have acted as channels for
alkali release. These deposits may be related to the re-oxidation
of metal alkali as part of a redox cycle. The cycle has long been pro-
posed as the mechanism of the catalytic activity of alkali on char
gasification. However, if alkali salts deposit only as large aggrega-
tions on the surface as shown in Fig. 7a-b, the reverse reduction of
the carbonates with carbon may not occur and thus the cycle may
not complete. These deposit were not observed for the residues
obtained under 100 vol.% N2 (Fig. 7c) as CO2 was not available.
Instead it showed numerous small white dots evenly distributed

across the surface. We believe that they are related to the stabiliza-
tion process of the elemental alkali with CO2 at the end of the
experiments.

Fig. 7c clearly illustrates that the surface of the particles is com-
posed of multiple polygonal-shaped blocks. This structure is also
seen under oxidizing conditions (Fig. 7a-b) yet not so well pre-
served. This structure is forged during devolatilization; released
pyrolysis gases create incipient hollows or bubbles on the some-
what plastic particle transiting into char [1], as these hollows
expand, they occupy most of the volume of the particle leaving
only thin surfaces separating the voids. Fig. 7d corresponds to the
residue from larger fuel particles (500–630 mm), large particles
are morphologically different from smaller ones (7a). A basic dif-
ference is that they exited the furnace at lower conversion states
as a result of the combined effect of shorter residence times and
stronger mass diffusion limitations. Differences in heating rate
might have also caused the larger particles to swell much more
than the smaller ones [46], stretching the surface differently than
for the smaller particles. Furthermore, the velocity of alkali mate-
rial escaping the particle is expected to be higher for large particles
than for the smaller ones, this would result in less carbonates
deposition on the surface than that of small particles.
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Fig. 4. Retention of (a) Na and (b) K in the solid residues for BL 90–200 lm.
Experimental measurements are denoted by solid marks and thermodynamic
equilibrium by lines.
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Fig. 7e illustrates the equivalent of 7c but at T = 1400 �C. It is
evident from the image the effect of temperature in deteriorating
the macro structure of the char, the particles show clear signs of
breakage and high surface area. Similarly Fig. 7f is the equivalent
of 7d at T = 1400 �C, it also shows signs of char breakage. At
1400 �C carbonate re-formation through the reaction of elemental
alkali with CO2 is thermodynamically not possible and thus alkali
deposits are not observed.

3.4. Fate of the alkali elements

3.4.1. Evolution of alkali during particle conversion
The amount of alkali released in the gas phase can be expressed

as a combination of a part which is in global equilibrium (see
Fig. 3) plus an additional amount of alkali part that arose from local
reduction of carbonates inside char particles. Elemental alkali
above equilibrium concentration reacted back towards equilibrium
compounds as soon as it came in contact with the reactor environ-
ment. In presence of CO2 and T < 1200 �C that essentially implied
the formation of carbonates. Part of these newly-formed carbon-
ates deposited on the surface of the particles. The rest remained
entrained in the flow as an aerosol and eventually deposited in
the filter. On the other hand, at higher temperature all elemental
alkali remained in equilibrium and it eventually ended up in two
different places: part of it reacted with the walls of the tube, made
of Al2O3. This phenomenon removed substantial amounts of alkali
from the collection system and is discussed later. The rest of the

elemental alkali would react towards lower temperature equilibri-
ums once the flow cooled at the exit of the reactor, thereby con-
suming CO2 and producing CO and carbonate aerosols. Both
alkali interactions with the walls and downstream reactions
between alkali and CO2 need to be accounted when estimating
the outlet gas composition. In the absence of CO2, alkali re-
oxidation to carbonates did not occur, so elemental alkali remained
in the gas phase until the exit of the reactor, thereafter it con-
densed on cool surfaces, especially on char residues moving along
with the gas. The amount of alkali present in this form is referred
to as unstable alkali. It was estimated on the basis of the mass
increase during char stabilization with CO2 (see methods
explanations).

Fig. 8 shows the distribution of sodium in the experiments
between the four different collection points. The amount of sodium
in the filter was calculated from the assumption that filter material
is essentially composed by alkali carbonates. In presence of CO2,
the proportion of sodium in the gasification residue strongly
decreased with temperature, this is a direct effect of the alkali-
fixating role of CO2. The amount of sodium in the filter is indicative
of the oxidation of gaseous alkali with CO2 inside the tube but also
through downstream reactions. This value peaked at T = 1200 �C.
Under N2 different behaviours were observed between small and
large particle. Large particles exhibited a trend somewhat similar
to the case under CO2 with relatively small amounts of unstable
alkali. However, experiments with smaller particles yielded much
larger amounts of unstable sodium. This was probably due to the
larger residence times of small particles which would allow the
alkali reduction to occur to a bigger extent.

3.4.2. Alkali-alumina interactions
Both under inert and oxidizing atmospheres, a considerable part

of the alkali input was not collected anywhere. The fact that aver-
age carbon balance closure was above 99% (see Supplementary
material) suggested that there was an explanation for the loss of
alkali other than poor quantification of products. It was hypothe-
sised that gaseous alkali compounds, most notably elemental
sodium, could react with the tube’s wall (Al2O3) to form sodium
aluminates. Formation of sodium aluminates is thermodynami-
cally favoured at low temperature and in oxidizing conditions.
However these conditions also minimize the release of gaseous
sodium. It is therefore essential to perform thermodynamic calcu-
lations accounting for the species in the gas phase and for the pres-
ence of large amounts of aluminium oxide representing the reactor
wall. The results of these calculations (Fig. 9) indicated that forma-
tion of sodium aluminate was important and might have
accounted for the most of the missing alkali under oxidizing
conditions.

4. Conclusions

The experiments showed that alkali release was more severe
under inert conditions than under the presence of CO2. The pres-
ence of CO2 helped retain alkali elements by forming carbonate
that deposited back onto the particles. At 1400 �C practically all
the material in the char particles transformed into gas compounds,
including the alkali. Up to T = 1200 �C the concentration of alkali in
the particles remained as high as 30% wt. and insensitive to tem-
perature. Similarly, the amount of PO in the mixture and fuel par-
ticle size practically had no effect on the concentration of alkali left
on the particles. The results from 90–200 lm and 500–630 lm
particle sizes must be compared carefully as the results are implic-
itly affected by different residence times.

The hypothesis that mixtures of BL and PO would experience
more severe vaporization of alkali than pure BL was not supported

800 850 900 950 1000 1050 1100 1150 1200
0

10

20

30

40

50

Temperature (°C)

(N
a+

K
) 

w
t.

%
 in

 s
o

lid
s 

BL 90−200µm(a)

800 850 900 950 1000 1050 1100 1150 1200
0

10

20

30

40

50

Temperature (°C)

(N
a+

K
) 

w
t.

%
 in

 s
o

lid
s

BL 500−630µm(b)

BL−fuel
BP20−fuel
BP40−fuel
BL−residue
BP20−residue
BP40−residue

Fig. 6. Combined mass concentration of sodium and potassium in the solid residues
for small (6a) and large (6b) particle sizes. Dotted lines correspond to the original
fuels. Gasification conditions (5% CO2, 95% N2).

52 A. Bach-Oller et al. / Fuel 202 (2017) 46–55



by the results. It was also shown that thermodynamics equilibrium
modelling qualitatively captured alkali vaporization in laminar

entrained flow gasification. Yet, they must be applied with caution
as thermodynamics under- predicted alkali release due to particle

Fig. 7. Morphologies of the gasification particles. Each particle is shown at 3 different magnifications. The scale bars equival to 500 lm, 50 lm and 20 lm from left to right.
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scale phenomena. Additionally, the experiments highlighted the
importance of considering the interaction between alkali species
and ceramics in the design of gasifiers or laboratory equipment
for alkali rich fuels.

To determine whether co-gasification of PO and BL is techni-
cally feasible further aspects need to be considered. Part II of the
publication series extends the discussion to gas yield, carbon con-
version, tar and soot.
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� Blends of black liquor (BL) and pyrolysis oil (PO) were studied in a drop tube.
� Blending PO into BL increased the gas yield and carbon conversion of the char.
� BL generated much less tar than a pine reference.
� Blending PO into BL strongly reduced the amount of tar.
� The combined results encourage co-gasification of BL and PO.
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a b s t r a c t

The efficiency and flexibility of the BL gasification process may improve by mixing BL with more energy-
rich fuels such as pyrolysis oil (PO). To improve understanding of the fuel conversion process, blends of BL
and PO were studied in an atmospheric drop tube furnace. Experiments were performed in varying atmo-
sphere (5% and 0% CO2, balanced by N2), temperature (800–1400 �C), particle size (90–200 lm and 500–
630 lm) and blending ratio (0%, 20% and 40% of PO in BL on weight basis). Additionally, pine wood was
used as a reference fuel containing little alkali. The addition of PO to BL significantly increased the com-
bined yield of CO and H2 and that of CH4. BL/based fuels showed much lower concentration of tar in syn-
gas than pine wood. Remarkably, the addition of PO in BL further promoted tar reforming in presence of
CO2. Unconverted carbon in the gasification residue decreased with increasing fractions of PO. Small fuel
particles showed complete conversion at 1000 �C but larger particles did not reach complete conversion
even at T = 1400 �C.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Black liquor gasification (BLG) is an alternative to combustion to
recover chemicals and energy from BL which has attracted signifi-
cant research interest [1–7]. BLG has been demonstrated in a
3 MWth oxygen blown pressurized pilot scale gasifier in Piteå
(Sweden) [8,9]. A major appeal of BLG (beyond logistic advantages)
is the abundance of alkali compounds with catalytic activity, which
enable relatively low process temperatures (around 1000 �C) with

high carbon conversion. Some studies have identified the role of
alkali elements in catalysing char gasification [7,10–13], reducing
tar [14–17], and enhancing soot oxidation [18,19]. Yet, most of
the existing work on BLG has been limited to low temperatures
and/or low heating rates. At high temperatures different phenom-
ena may take place, for example molten ashes may coat the char
thereby isolating the carbon from the oxidizing gases [20].

A focus of current BLG research, including the work presented in
this paper, is increasing the organic fraction of the fuel thereby
reducing the thermal ballast of inorganic species [21–24]. More
recently, co-gasification of BL and pyrolysis oil (PO) has been eval-
uated economically, showing potential benefit for small plants
[25,26]. However, an essential requirement for co-gasification is
that the fuel blend maintains the catalytic activity of alkali. This
was shown to be the case for blends of BL with up to 30% of PO
based on char gasification experiments [27] albeit at lower temper-
atures than is realistic for EFG. The study presented in this series of

http://dx.doi.org/10.1016/j.fuel.2017.01.108
0016-2361/� 2017 Elsevier Ltd. All rights reserved.

Abbreviations: BL, black liquor; BLG, black liquor gasification; GC, gas chro-
matography; DTF, drop tube furnace; EFG, entrained flow gasifier; FID, flame
ionization detector; LEFG, laminar entrained flow gasifier; MS, mass spectra; PAH,
polycyclic aromatic hydrocarbons; PBX, mixture of pyrolysis oil (X wt.%) and black
liquor (100-X wt.%); PO, pyrolysis oil; TOC, total organic carbon; UC, unconverted
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two publication aims to extend the experimental research on co-
gasification of BL and PO but at higher temperatures and heating
rates. In part 1 of the series [28], we presented how the fate of
alkali elements are affected by temperature, gas atmosphere, par-
ticle size and the amount of PO in the fuel blend. This second part
will address the consequences of fuel mixing on fuel conversion
with special focus on undesired products from gasification, i.e.
tar, unconverted carbon, and soot.

2. Experimental

2.1. Experimental procedure

Experiments were carried out in a laminar drop tube furnace
(DTF) at T = 800–1400 �C in two separate campaigns, one with
presence of oxidizing gas (5% CO2 balanced by N2 on volume basis)
and the other with inert gas flow (100% N2), i.e. pyrolysis condition.
Three fuel samples, BL (100% BL), BP20 (20% PO; 80% BL w/w) and
BP40 (40% PO; 60% BL w/w), were prepared in the form of dry solid
particles in two sizes (90–200 and 500–630 lm). Pine wood was
also used as a reference fuel. The fuel analysis of the samples is
shown in Table 1. Details of sample preparation methods, and
experimental procedures are provided in the part 1 [28].

2.2. Tar collection and analyses methods

Tar was collected in two serially connected gas washing bottles,
each of which was filled with 50 ml of solvent. The temperature of
the solvent was kept at T = �50 �C to collect as much tar as possible
while avoiding condensation of H2S. The solvent was isopropanol
for the gasification campaign (5% CO2). In the pyrolysis campaign
(100% N2) methanol was used instead of isopropanol to avoid the
co-elution between benzene and isopropanol in GC-FID. The
change of solvent did not affect the measurements. These solutions
were kept refrigerated at the temperature of �18 �C until the anal-
yses. Isopropanol based solutions were analysed in a commercial
lab with a dual detector system GC/FID + GC/MS (Agilent 7890
GC, Supelcowax capillary column, 5975 MS detector). FID was used
to quantify the tar species except for benzene due to the above
mentioned co-elution with the solvent. Benzene was quantified
by single ion monitoring MS (ion 78). A 10:1 split ratio was used
in those samples with expected high concentrations of tar (exper-
iments at T = 800 �C) and splitless injection was performed for the
rest. In both cases the injection volume was 1 ll. The temperature
program run from 35 �C to 280 �C with a constant heating rate of
5 �C/s. Methanol based solutions were analysed in our lab with

GC/FID (Agilent 7820A with DB-EUPAH column, length: 60 m;
internal diameter: 0.25 mm; film thickness: 0.25 lm). The temper-
atures of both the injector and the detector were kept at 280 �C.
The temperature program run from 57 �C to 280 �C, to optimize
signal resolution the heating rate was set to 4 �C/s for the first
10 min and then to 10 �C/s until the final temperature.

2.3. Char collection and analyses methods

Ultimate analysis (C/H/N/S/O) and total organic carbon (TOC)
analysis of the – gasification residues collected in the char bin were
carried out for each experimental condition (except at 1400 �C due
to insufficient amount of product) at Mikroanalytisches Laborato-
rium, University of Vienna. Details concerning CHNS analysis are
available at Part I [28]. For TOC analysis, the inorganic carbon
was digested using two doses of 20 ll 0.2 M HCl for 2 h. Finally,
V2O5 was added to the sample to ensure complete mineralization.
Both ultimate and TOC analyses were performed using Eurovector
EA 3000 by flash combustion (at 25 kPa and T = 1000 �C under the
flow of oxygen) with the sample loaded in a tin vial. The typical
accuracy of this method is ±0.3 wt.%.

Unconverted carbon (UC) was calculated from the collected
gasification residue as:

UC ¼ 100
mresidueTOCresidue

mfuelTOCfuel

� �

where TOC is the total organic carbon in wt.%. The particle size of
both the fuel and the gasification residues was calculated by static
image analyses methods through the following procedure. Images
containing about 200 particles each on plain surface were captured
and then transformed into b/w images that distinguished the parti-
cles from the background. Thereafter the Matlab function, ‘bwcon-
ncomp’, was used to identify the particles and calculate the area
of each particle. Despite we have a device specially designed to cal-
culate the shape and the size of solid particles it could not be used
for the gasification residues due to the tendency of these particles to
break. Scanning electron microscopy on the both fuel samples and
residues was performed using FEI Magellan 400 XHR-SEM (FEI
Company, USA).

3. Results and discussion

3.1. Syngas

One of the objectives of blending BL with PO was to increase the
cold gas efficiency (CGE) of BLG. CGE in a commercial gasification

Table 1
Fuel properties and composition of the dry solids samples and their original fuels. All the results have been expressed on the dry basis.

Sample BL PO BL BL BP20 BP20 BP40 BP40 Pine
Sieve size liquid liquid 90–200 500–630 90–200 500–630 90–200 500–630 90–200

Volatiles wt.%a n.a. n.a. 30.0 30.0d 37.0 37.0d 41.0 41.0d 77.9
Ash content, wt.%b 52.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.5
HHV, MJ/kg 12.9 23.4 13.2 13.3 15.3 15.6 17.1 17.2 19.3
C, wt.% 30.7 55.4 30.9 31.5 35.7 38.5 42.1 41.6 49.3
H, wt.% 3.70 6.60 3.73 3.73 4.10 4.19 4.20 4.30 6.40
N, wt.% 0.07 0.14 0.12 0.12 0.15 0.17 0.14 0.15 0.08
S, wt.% 4.30 n.a. 5.84 5.91 4.10 3.89 3.38 3.29 < 0.02
Cl, wt.% 0.19 0 0.19c 0.19c 0.15c 0.15c 0.11c 0.11c n.a.
K, wt.% 3.12 n.a. 2.66 3.11 2.36 2.17 1.64 1.77 0.05
Na, wt.% 20.6 n.a. 17.5 17.8 14.7 15.0 13.1 13.3 0.00
O (diff.), wt.% 35.9 37.9 39.1 37.7 38.8 36.0 35.3 35.5 44.2

wt.% refers to weight basis.
a The volatile content was measured at 540 �C under 100% CO2 for 8 min to avoid alkali vaporization.
b Ash content was measured at 550 �C in pure O2.
c Calculated based on a linear interpolation between BL and PO.
d Volatile matter for the 500–630 lm particles is assumed to be the same than that of 90–200 lm particles.
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process depends on a number of factors but one aspect that can be
studied in laboratory scale is syngas yield for varying ratios of PO
to BL. In this study, considering the application of the gas for chem-
ical and fuel synthesis, only CO and H2 were counted as syngas. The
rest of measured gas species (CH4, C2H2, C2H4, C2H6, H2S, COS) were
considered as by-products.

Fig. 1 summarizes the influence of mixing ratios and particle
size on syngas yield at various reaction temperatures. The increase
in syngas with temperature is a result of larger carbon conversions
at increasing temperature. However, at high temperature CO is also
formed through inorganic reactions such as the decomposition of
alkali carbonates [28].

Blending BL with PO significantly increased the syngas yield.
This observation might seem self-evident from the fact that adding
PO into BL increased the combustible fraction of the blend. How-
ever, it is still important to verify the improvement of syngas yield
in practice. The syngas yield on ash-free basis is practically the
same for any PO/BL blend, including pure BL, as long as alkali con-
centration and/or temperature are high enough to ensure similar
carbon conversion. The trend of the syngas yield was essentially
determined by CO and the blending had a negligible effect on the
hydrogen yield.

In a full scale gasifier, methane concentration is strongly corre-
lated to process temperature, which is difficult to measure accu-
rately. For this reason, methane is often used as a control
parameter for gasifier operation. It is important to determine
whether modifying fuel composition affects methane or not.
Fig. 2 shows methane concentration in the gas. Methane concen-
trations are strongly correlated to the reaction temperature

because methane reforming is kinetically controlled. Two interest-
ing observations can be drawn from the figure. On one hand the
large particles resulted in higher concentrations of methane at
T = 800 �C, probably due to slower heating rate, yet at increasing
temperature methane concentration from the larger particles
dropped below that of smaller particles. That could be explained
on the basis that large particles preserved char structure at all tem-
peratures, as opposed to small particles (see discussion in Sec-
tion 3.4), and char surfaces are known to have a catalytic role in
methane reforming [29]. The different BL/based fuels generated
much less methane as compared to pine wood. That could be
related with the role of alkali in promoting coke oxidation [30]
thus avoiding char deactivation. The combined results are consis-
tent with one study [31] that showed that methane reform rate
with CO2 was higher when using a bed of char that had been
impregnated with NaOH than for a non-impregnated char bed,
and both significantly higher that when no char bed was used.
On the other hand, since methane is released during the
devolatilization, it is reasonable that the concentration of methane
for the different BL /PO blends reflects the amount of volatiles in
the fuels (see Table 1).

3.2. Tar and soot

In biomass conversion tars appear during the devolatilization
stage; at this point they are often referred to as ‘‘primary tars”.
They are abundant in oxygenated functional groups. Some studies
have characterized primary tars from biomass [32–34]. As gasifica-
tion proceeds, primary tars undergo gas-phase decomposition

Fig. 1. Combined yields of H2 and CO for the small (top) and the big (bottom)
particles under oxidizing conditions (5% CO2). The plot with the small particles
provides error bars showing one standard deviation.

Fig. 2. Concentration of methane in the syngas (combined CO + H2). Gas
environment 5% CO2.
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reactions to form secondary and tertiary tars, soot and permanent
gases [33,35,36]. Given the high temperatures and residence time
of the experiments, the tars here presented belong to the category
of ‘‘tertiary” tars. The amount of tar has been expressed, as it is
often the case in literature, as the ratio between the mass of tar
and the volume of syngas (CO + H2).

The amount of tar that is found in the gas greatly varies on the
gasifier set-up (reaction time, temperature, heating rate, gas phase,
etc.). The concentrations of tar in syngas in a full scale BLG is typ-
ically around 150 ppm [37]. Fig. 3 presents the amount of tar col-
lected in our set-up, pinewood was provided as a reference of
ordinary biomass. In presence of CO2 the amount of tar collected
exponentially decreased with temperature, and at T = 1400 �C all
tar components were below the detection limit. In absence of oxi-
dizing gases the decrease of tar followed a different trend. This dif-
ference revealed the roles of CO2 and H2O (formed through WGR)
in tar reforming reactions. BL-based fuels yielded much less tar
than pine wood at any temperature. Alkali inherent in BL is
thought to be the responsible for this lower amount of tar. The dif-
ference between BL and pine was already noticeable at T = 800 �C
and remained constant with temperature, this suggests that tar-
suppression takes place at an early stage of tar conversion. Further
work and time-resolved data are needed to propose a mechanism
that explains how alkali drives tar reduction.

Another important finding is that the samples containing PO
(BP20 and BP40) resulted in much lower tar yields than pure BL.
The difference between BL and the blends was only observed under
the presence of an oxidizing agent. Blending PO into BL led to
changes in the chemistry of the fuel. On the one hand, it increased
the amount of organic oxygen in the fuel, on the other hand acid-
base reactions between free alkali in BL and acidic compounds in
PO led to the formation of organic salts. Thus sodium became
mostly being bonded in organics (see Appended material). More
organic oxygen in the fuel would imply more oxygen in primary-
tars as the elemental composition of the volatiles is well related
to that of the fuel [38]. Eventually, primary tars richer in oxygen
would enhance secondary reactions; however that should be also

reflected in those experiments in absence of oxidizing gas. On
the other hand, a bigger fraction of sodium in the organic matrix
may also give rise to more reactive tar species that are more vul-
nerable to oxidation. Further work should be carried out to better
understand the causes of such noticeable reduction of tar.

Fig. 4 illustrates the composition of tars grouped by the number
of rings. For pine, the proportion of heavier tars increased with
temperature. This agrees well with the understanding that long
residences time and high temperatures enhance polymerization
reactions between aromatic tar compounds to form larger poly-
cyclic aromatic hydrocarbons (PAH) [35]. PAH-PAH interactions
have been identified as the source of soot nucleation [39,40].

BL yielded in lighter tar compounds than pine wood. Besides,
for BL the proportion of heavier tars decreased with temperature,
thus showing a different trend from pine wood. Furthermore, BL
formed no soot at all for any experimental condition while consid-
erable amount of soot was collected from pine. These results lead
to the hypothesis that alkali elements avoid the growth of PAH,
and in doing so they also avoid the formation of soot. One study
[41] showed that the addition of potassium chloride into a refer-
ence flame significantly decreased the volume of soot, yet no
hypothesis of the mechanism were provided. Perhaps the role of
alkali in preventing growth of PAH may be related to cation-pi
interactions. If the electron-rich planes from pi bonds in aromatics
attract alkali cations through van der Waals forces, then that would
give a positive charge to the overall unit thus repealing other
cation-aromatic complexes.

3.3. Char formation and swelling

In BL, as in other fuels with plasticity, volatiles create incipient
voids inside the particle. As devolatilization proceeds, these voids
become larger and merge, eventually creating a cenosphere of char
larger than the original fuel particle. Swelling proceeds until the
droplet surface can no longer sustain the pressure [42]. The process
have been described in detail elsewhere [35,43]. Fig. 5 shows a
cross sectional view of a cenosphere (original sample: BL

Fig. 3. Tar amount normalized to the volume of syngas. Gasification conditions are shown in solid lines, pyrolysis conditions in dash-dotted lines.
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90–200 lm; reaction conditions: T = 800 �C and 5% CO2). The par-
ticle is hollow inside with a shell of about 100 lm thickness. This
shell contains further cavities ranging from 10 lm to 50 lm in
diameter.

Swelling during devolatilization is important since it increases
the outer surface area of the char (hence, apparent reactivity)
and the ability of particles to be entrained in the flow as discussed
in literature [1,44–46]. Swelling was quantified in terms of a ratio
between the surface of char particles (gasification residue at
T = 800 �C) and that of the original fuel. The reason for the choice
of a superficial swelling factor is that it arises directly from exper-
imental observations. Swelling factors are shown in Table 2.

Large particles swelled more than the smaller ones. Research on
swelling for coal indicated that swelling increased with heating
rate peaking between 1000 and 10,000 K/s for different coals
[47]. At high heating rates, the pressure of the expanding pyrolysis
gases cannot be contained by the surface of the converting fuel
particle and breakage occurs, limiting the degree of swelling. This
is most likely the case for the small fuel particles. In addition, smal-
ler particles experienced a strong degree of char conversion
already at T = 800 �C, inevitably reducing the total volume of the
char particle. This effect can be observed from the difference
between BL particles under N2 and CO2 (Table 2). BP20 and BP40
swelled much more than BL. This is in part due to the higher con-

tent of volatile matter in the blends. The volatile content is 30, 27
and 41% for BL, BP20 and BP40 respectively. Yet, the increase in the
amount of volatiles is not enough to explain such a large difference
in the swelling ratios. Differences in the viscosity and surface ten-
sion between the converting particles arising from BL and those
from the blends might be the underlying reason for such a large
difference in swelling. These results revises our previous work
[27], which did not observe significant differences in swelling
between BL and BL/PO blends from a limited number of
experiments.

Fig. 4. Distribution of tar compounds grouped by number of rings for pine (top) and
BL (bottom).

Fig. 5. Section of a char particle. Conditions: BL 90–200 lm at T = 800 �C and 100%
N2.

Table 2
Swelling measured as Dchar

D0

� �2
for experiments at T = 800 �C.

Sample 90–200 lm 500–630 lm

BL-N2 5.2 16.5
BL-CO2 3.5 15.1
BP20-CO2 5.9 35.3
BP40-CO2 5.8 30.8
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3.4. Carbon in the gasification residue

After devolatilization, char reacts via heterogeneous reactions
with the surrounding gases (CO2 and volatiles). Carbon conversion
is critical for both the gasification efficiency and recovery of the
pulping chemicals in BLG. Fig. 6 shows the yields of the gasification
residue while Fig. 7 shows the unconverted carbon remained in the
gasification residue.

We detected clear differences between the behaviour of small
(90–200 lm) and large particles (500–630 lm). While both parti-
cle sizes showed incomplete carbon conversion at T = 800 �C
(Figs. 6 and 7), small particles completed carbon conversion at
T = 1000 �C, leaving only the inorganic fraction of BL as a residue.
At higher temperatures (T = 1200–1400 �C), the yield of the gasifi-
cation residues continued to decline (Fig. 6) as the inorganic spe-
cies went into the gas phase. On the other hand, larger particles
(500–630 lm) did not complete carbon conversion even at the
highest temperature (T = 1400 �C). Despite unconverted carbon at
T = 1400 �C could not be quantified due to insufficient quantity of
residues, the presence of unconverted carbon was clearly visible
from the colour of the gasification residue (Fig. 8). Part of the dif-
ference between particle sizes was due to different residence
times, larger particles were not entrained in the flow and therefore
had a shorter residence time in the reactor. However, at such high
temperature residence time would not limit the conversion unless
the process was limited by mass transfer. Indeed, good atomization
appeared to be crucial for successful gasification of BL using EFG
technology.

Fig. 6. Solid yield (char + ash) as a percentage of fuel input.

Fig. 7. Unconverted carbon (UC) in the solid residue calculated as

UC ¼ 100 mresidueTOCresidue
mfuelTOCfuel

� �
.

Fig. 8. Visual inspection of the different solid residues collected under oxidizing
conditions (5% CO2).
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4. Conclusions

The consequences of adding PO in BL were investigated with
focus on fuel conversion. The addition of PO into BL was found to
significantly increase the yield of syngas but also the concentration
of methane in the gas. All three BL-based samples produced much
less tar than the pine wood used as a reference. The differences
were already present at the lowest temperature investigated
(800 �C) and thus they must arise from an early stage of tar conver-
sion. Alkali compounds might have inhibited the growth of PAH in
BL-based samples and in consequence the formation of soot.
Blending PO in BL seemed to promote tar reforming reactions in
presence of CO2. Indeed, an addition of 40% of PO in BL reduced
the amount of tar by a factor of 100 in respect to pure BL. The addi-
tion of PO in BL also improved carbon conversion at all tempera-
tures and particles sizes. Large particles (500–630 lm),
nevertheless, did not complete carbon conversion even at
T = 1400 �C. That highlighted the necessity of good atomization of
BL for practical applications. Swelling was more pronounced for
larger particles and for BL/PO blends.

The combined results indicated that co-gasification of BL and
PO is not only feasible with the current BLG technology but also
highly beneficial regarding carbon conversion, syngas yield and
tar reduction. The results presented here open the door of alkali-
catalysed EFG to a wider range of fuels.
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Reduction of Tar and Soot Formation from Entrained-Flow
Gasification of Woody Biomass by Alkali Impregnation
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ABSTRACT: Tar and soot in product gas have been a major technical challenge toward the large-scale industrial installation of
biomass gasification. This study aims at demonstrating that the formation of tar and soot can be reduced simultaneously using the
catalytic activity of alkali metal species. Pine sawdust was impregnated with aqueous K2CO3 solution by wet impregnation
methods prior to the gasification experiments. Raw and alkali-impregnated sawdust were gasified in a laminar drop-tube furnace
at 900−1400 °C in a N2−CO2 mixture, because that creates conditions representative for an entrained-flow gasification process.
At 900−1100 °C, char, soot and tar decreased with the temperature rise for both raw and alkali-impregnated sawdust. The
change in tar and soot yields indicated that potassium inhibited the growth of polycyclic aromatic hydrocarbons and promoted
the decomposition of light tar (with 1−2 aromatic rings). The results also indicated that the catalytic activity of potassium on tar
decomposition exists in both solid and gas phases. Because alkali salts can be recovered from product gas as an aqueous solution,
alkali-catalyzed gasification of woody biomass can be a promising process to produce clean product gas from the entrained-flow
gasification process at a relatively low temperature.

■ INTRODUCTION
Despite its low concentration, the tar content in product gas
has been a major technical challenge toward the large-scale
industrial installation of biomass gasification.1,2 The difficulty in
tar reduction lies in its heaviest compounds, polycyclic aromatic
hydrocarbons (PAHs), which are relatively stable at a high
temperature and hard to convert into smaller molecules by
thermal cracking.3,4 As a result, tar is often converted into soot,
instead of permanent gases, at the temperature of 900−1400
°C.5−7 As a result of these difficulties, many recent studies
shifted their focus to the elimination of tar by secondary
measures, such as catalytic thermal cracking or physical
adsorption.8,9 However, we insist that tar should and can be
reduced primarily inside the gasifier. It is because the secondary
measure increases the number of process stages, leading to high
specific plant costs. Two major methods for primary measures
can be applied: through manipulation of the flow field10,11 or
catalytic activity of inorganic compounds, more specifically the
alkali metal group (this study).
The alkali metal group, especially potassium (K) and sodium

(Na), is well-known to catalyze gasification reactions of
char.12−14 Many studies, both experimental and theoretical,
suggested that catalytic activity of alkali metal salts can be best
explained by RedOx (reduction−oxidation) cycles of M2CO3,
M(g), M2O, and MOH.12,15 Notably, the catalytic activity of
alkali metal salts has been one of the reasons for the successful
demonstration of black liquor gasification in an entrained-flow
reactor at relatively low temperatures (1000−1100 °C).16−18

These studies also showed very low tar concentrations in the
product gas (10−200 ppm of C6H6). Considering the ability to
recover alkali salts as an aqueous solution at the outlet of the
gasifier, alkali-catalyzed gasification of ordinary biomass can be
an alternative to produce clean product gas from the gasifier, as
shown in Figure 1. Recent studies, including by the authors,
have impregnated woody biomass with solutions of alkali metal

salts and showed that the char reactivity was increased by
impregnation.19,20 However, these studies did not investigate
the consequence on tar yields.
Unlike the extensive literature about char gasification,

literature is limited for the catalytic activity of alkali metal
salts on tar and soot formation. Most studies have investigated
either the shift of products from liquid to gas/char during
devolatilization21 or catalytic tar reforming over the beds of
alkali salts or alkali-loaded char.22,23 Only few studies have
investigated the effect of alkali metal salts in the gas phase or
suspended in a gas flow, which is the condition relevant to the
entrained-flow gasifiers. Simonsson et al. investigated the
formation of soot in an ethylene/air flame with the seeding
of various metal chlorides and showed that KCl reduced the
soot volume fraction and particle sizes.24 Trubetskaya et al. also
observed a lower soot yield from the biomass sample
containing a higher potassium content,25 although the effect
was not isolated from other factors, such as the lignin structure.
These studies do not provide the consequence of alkali
enrichment on tar (PAH) yields and composition.
This study aims at demonstrating the activity of alkali

elements for the reduction of tar and soot from biomass
gasification at relatively high temperatures. The temperature
range was selected by considering entrained-flow gasification
processes as a technical application. Raw and potassium-
impregnated pine sawdust were gasified in a laminar drop-tube
furnace (DTF) at the temperature between 900 and 1400 °C in
a N2−CO2 mixture. Soot and tar were collected at the outlet of
the reactor and analyzed further to investigate the effect of K
impregnation.
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■ MATERIALS AND METHODS
Raw Sample and Alkali Impregnation. Raw and alkali-

impregnated pinewood sawdust were used for gasification in a laminar
DTF. K2CO3 solution at the molar concentration of K+ ions of 1 M
(i.e., 69.1 g of K2CO3 in 1 L of aqueous solution) was used for the wet
impregnation of sawdust at the solution/biomass ratio of 16 mL g−1.
At first, the sawdust particles were sieved to the size range of 90−200
μm. The biomass and solution were stirred in a heated beaker at T =
80 ± 5 °C by an overhead stirrer (VELP Scientifica) at 500 rpm for 30
min. The biomass and K2CO3 solution were then separated by vacuum
filtration, and the impregnated biomass was dried at 105 °C for more
than 8 h. A more detailed description of the method can be found in
our previous publication.20 Table 1 shows the elemental analyses of
raw and K-impregnated sawdust.

Experimental Procedures. Experiments were carried out in a
laminar DTF, shown in Figure 2, at T = 900−1400 °C in 5.1% CO2
balanced by N2 on a volume basis. Experiments at T = 900, 1100, and
1400 °C were repeated twice, and the data are shown with pooled
standard deviations as error margins throughout the paper. An alumina
(grade C799) cylindrical reactor tube had an inner diameter of 54 mm
and a heated length of 2.3 m. The reactor tube was heated by tube
furnace modules using SiC rods as heating elements (Elite Thermal
Systems, Ltd.). Gas flow rates were controlled by mass flow controllers
(EL-FLOW Select, Bronkhorst High-Tech B.V.). Primary gas, 180 mL
min−1 of N2 at normal conditions (20 °C and 1 atm), was supplied
with biomass, and secondary gas, 4640 mL min−1 N2 and 260 mL
min−1 CO2 at normal conditions, was supplied between the feeding
probe and the reactor tube. A syringe-pump-type biomass feeder
supplied around 2 g of biomass for 25 min (i.e., 0.08 g min−1), as
described elsewhere.10 The feeding probe was water-cooled at T = 25
°C to ensure a high heating rate of biomass when it enters the reactor.
The Reynolds number of the gas flow inside the reactor was 65−110,
dependent upon the reaction temperature, and the space time of gas
flow was 10.3−14.7 s. Reaction products were separated into coarse
particles (mainly char and fly ashes), fine particles (mainly soot and

precipitated vapor inorganics), condensable (tar and water vapor), and
permanent gases. Coarse particles either fell down to an air-cooled
char bin or were separated using a stainless-steel cyclone with a cut
size of 2.5 μm (URG-2000-30ENS-1, URG Corporation). Fine
particles were separated by a grade QM-A quartz filter with a diameter
of 50 mm (Whatman, GE Healthcare Life Science). Solid separation
units were kept at T = 200 °C to minimize the condensation of tar.
Then, tar was condensed in two gas washing bottles at T = −50 °C
(lowest temperature while keeping H2S in the gas phase for efficient
tar condensation). Each washing bottle contained 50 mL of methanol
because of its good separation from benzene at the DB-EUPAH
column in gas chromatography (GC) analyses, and the collection
efficiency was similar to commonly used isopropanol. After an
activated carbon filter (VACU-GUARD 150, GE Healthcare Life
Science), gas composition was measured by a micro gas chromato-
graph (model 490, Agilent Technologies). The micro gas chromato-

Figure 1. Alkali-catalyzed entrained-flow gasification of biomass with the recycle of the catalyst (bold letters are unit processes, and italic letters
represent material flows).

Table 1. Elemental Analyses of Raw and K-Impregnated
Sawdust on a Dry Basis

element raw K-impregnated

C (mass %) 49.3 46.8
H (mass %) 6.4 6.0
N (mass %) 0.08 0.16
S (mass %) <0.02 <0.02
K (mass %) 0.05 3.38
Oa (mass %) 44.2 43.7

aBy difference.

Figure 2. Schematic illustration of the laminar DTF.
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graph is equipped with two columns (CP-MolSieve 5A for H2, O2, N2,
CH4, and CO and PoraPlot U for CO2, C2H4, C2H6, C2H2, and C3H6/
C3H8) and thermal conductivity detectors. After each experiment, the
carbon content of the particle deposited on the reactor wall was
quantified by burning out with the flow of the O2/N2 mixture.
The collected tar solutions were kept in a freezer at T = −18 °C

until the analyses. GC−flame ionization detector (FID) (Agilent
7820A equipped with a DB-EUPAH column; length, 60 m; internal
diameter, 0.25 mm; and film thickness, 0.25 μm) was used to quantify
the tar species with the injection volume of 1 μL (splitless). The
temperatures of the injector and the detector were kept constant at
280 °C. The column temperature was increased from 57 to 100 °C at
the heating rate of 4 °C s−1, and the heating rate was raised to 10 °C
s−1 until the final temperature of 280 °C.
Elemental compositions (C/H/N/S) of the coarse and fine particles

were analyzed at Mikroanalytisches Laboratorium, University of
Vienna, using Eurovector EA 3000 by flash combustion (at 25 kPa
and T = 1000 °C under the flow of oxygen) with the sample loaded in
a tin vial. The typical accuracy of this method is ±0.3 wt %. Each
analysis was conducted 3 times with a sample size of 0.75−3 mg.
Further details on the methods can be consulted elsewhere.26 In
addition, fine particles were divided into water-soluble (precipitated
vapor inorganics) and insoluble (soot and large PAHs) fractions by
deionized water. Scanning electron microscopy (SEM) on the coarse
particles was performed using FEI Magellan 400 XHR-SEM (FEI
Company, Hillsboro, OR, U.S.A.) operating with a working distance of
5 mm, a voltage of 5 kV, and a probe current of 13 pA.

■ RESULTS
Figure 3 shows the tar yields based on the number of aromatic
rings at T = 900−1400 °C from raw and K-impregnated pine
sawdust. It shows the decrease in lighter fractions of tar (1−3
rings) between T = 900 and 1100 °C for both samples. As
observed in previous studies,6 the increase in the reaction
temperature promotes tar conversion toward both light gas
species (via decomposition) and larger PAHs and soot
(through repolymerization). In fact, 4-ring PAHs showed the
peak in its yield at T = 1000 °C, as shown in Figure 3d. In

comparison to raw sawdust, tar yields from K-impregnated
sawdust showed significantly low values for light fractions (1−2
rings). At the same time, the increase in 4-ring PAHs between
T = 900 and 1000 °C was suppressed by the alkali
impregnation.
Figure 4 shows the yields of soot and heavy PAHs. The yield

was calculated as the sum of carbon deposited on the reactor

wall and water-insoluble fine particles collected on the filter.
The yield from raw sawdust showed no apparent trend against
the temperature between T = 900 and 1200 °C and decreased
significantly at T = 1400 °C. The yield from K-impregnated
sawdust monotonically decreased between T = 900 and 1400
°C. The carbon content of overall fine particles from raw
sawdust kept high values, ca. 85−90%. This result shows that
the raw sawdust produced a significant amount of fine particles,
dominated by soot and particle-phase PAHs, at a low

Figure 3. Tar yields based on the number of aromatic rings in the molecules: (a) compounds with 1 ring, e.g., benzene, toluene, and xylene, (b)
compounds with 2 rings, (c) compounds with 3 rings, and (d) compounds with 4 rings.

Figure 4. Yields of soot and PAHs found as the deposit on the reactor
wall and as water-insoluble fine particles collected on the filter.
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temperature range (T = 900−1200 °C). The decrease in water-
insoluble fine particles could be due to the enhanced
gasification reaction with CO2. In fact, the carbon yield
(standardized by the amount of carbon in the biomass sample)
of gas species, shown in Figure 5, exceeded 1, indicating the

participation of CO2 in gasification reactions. On the other
hand, a considerable amount of water-soluble fine particles was
generated from K-impregnated biomass at T = 1400 °C (results
not shown). It is most likely the precipitated alkali salts/
elements at the vapor phase inside the reactor. Visual
observation of black fine particles at low temperature ranges
and colorless fine particles at T = 1400 °C also supported this
observation. The combined results show that the increase in
particle-phase (hence, large molecule) PAHs and soot was
avoided at T = 900−1100 °C when pine sawdust was enriched
with K2CO3.
Figure 6 shows the change in the yields of tar and fine carbon

particles (mainly soot and PAHs in the particle phase) between
T = 900 and 1100 °C. Both raw and K-impregnated biomasses
reduced overall tar and soot yields between T = 900 and 1100
°C. Major differences are that the reduction of light tar was
more significant in K-impregnated biomass at T = 900−1000

°C, while a similar decrease occurred for raw biomass at T =
1000−1100 °C. In addition, raw biomass produced a larger
amount of fine particles without a visible change in the yield,
while fine particles from K-impregnated biomass kept
decreasing. These results indicate that potassium may have
catalytic activity to decomposition of tar into light gas, probably
with CO2. In fact, the carbon yield in gas species (Figure 5)
showed above the amount in feedstock at T > 1000 °C for K-
impregnated biomass, while it happened only at T > 1100 °C
for raw biomass. In addition, the difference in fine particle
yields indicates that potassium may have a function to either
inhibit the growth of PAHs or catalyze gasification of fine
particles with CO2.
Figure 7 shows the yields of coarse particles (mainly

consisting of char) collected in the char bin and the cyclone.

Around 4% of initial mass was converted to char for raw
sawdust at T = 900 °C, while the same number for K-
impregnated sawdust was around 12% of initial mass. Char
from K-impregnated sawdust contained a significant amount of
inorganic compounds, and the carbon content was 50.9%,
which means that the coarse char yield is still higher than that
of raw sawdust only by considering the contribution of carbon
(0.067 g/g of sample). As the temperature increased, raw
sawdust slowly reduced its char yield, while K-impregnated
sawdust showed a significant drop in the char yield at T = 900−
1000 °C. This sudden drop in the char yield can be explained
by the catalytic activity of potassium on char gasification
through eqs 1−3,12 as supported by gas yields (Figure 5). The
coarse particle yield from K-impregnated sawdust was lower
than the mass fraction of potassium in fuel (3.38%; see Table 1)
at T = 1000 °C, although thermochemical equilibrium
calculation (results not shown) indicated that potassium
remains in the solid phase. Considering the higher yield at T
= 1100 °C than at T = 1000 °C, the discrepancy at T = 1000
°C is partly due to the experimental error related to the low
amount of product. However, potassium is also known to be
released at a low temperature through some kinetic processes
against the prediction from thermochemical equilibrium. A
significant amount of potassium is released during devolatiliza-
tion,27 especially organically bound potassium28 and KCl.29

Then, further release of potassium can be expected as a part of
the catalytic cycle of char gasification (eq 1).

Figure 5. Distribution of carbon in gas species. The values were
normalized by the amount of carbon in the original feedstock (not
including input from CO2).

Figure 6. Change in tar and fine particle yields in the range of T =
900−1100 °C.

Figure 7. Total yields of coarse particles collected in the char bin and
cyclone.
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+ → +2C K CO 2K(g) 3CO2 3 (1)

+ → +2K(g) CO K O CO2 2 (2)

+ →K O CO K CO2 2 2 3 (3)

Figure 8 shows the SEM images of coarse particles collected at
T = 1000 °C for the whole particles and magnified images of
the particle surface. Both raw and K-impregnated sawdust
showed the drastic changes in char morphology and lost their
original fibrous structures, as commonly observed for the
devolatilization at a high heating rate.30−32 However, two
notable differences can be observed from the SEM images.
First, K-impregnated biomass produced the coarse particles
with a significantly larger amount of alkali salt deposit (small
white dots on the surfaces) than raw sawdust. Second, coarse
particles from K-impregnated sawdust contain a number of
small holes on the surfaces compared to the coarse particles
from raw biomass. These holes are most likely to have been
formed as a result of the consumption of carbon during the

catalytic cycle induced by potassium (see eqs 1−3). The
presence of such small holes would let the gas flow through the
coarse particles33 and improve the contact between gas and
alkali salts fixated on the char surface. Therefore, the highly
permeable coarse particles with alkali salts on their surface, as
observed in Figure 8, would have high catalytic activity on the
reactions progressing in the gas phase (including tar
decomposition) as well.

■ DISCUSSION

Table 2 summarizes possible pathways by which potassium
catalyzed tar decomposition in this study. Among these
pathways, we could eliminate pathway 5 (and most likely
pathway 4) because the presence of alkali metals at high
temperatures is likely to prohibit the formation of OH and O
radicals.34 Therefore, the first three pathways remain as a
possible catalytic mechanism. A number of studies on
devolatilization20,35 observed the reduction in primary tar
during devolatilization with K impregnation, and it is likely to

Figure 8. SEM images of coarse particles collected at T = 1000 °C from (a and b) K-impregnated sawdust and (c and d) raw sawdust, with the scale
at the lower right end of (a and c) 50 μm and (b and d) 5 μm.
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have affected this study at least to a certain degree (see T = 900
°C in Figure 3). However, the second and third pathways may
have become more significant as the temperature increased.
The effect of alkali impregnation on tar yields was more
significant at T = 1000 °C than at T = 900 °C. The product
distribution from the devolatilization is known to be constant at
the temperature above 600 °C.36 Therefore, the pronounced
effect of alkali impregnation on tar yields between T = 900 and
1000 °C is most likely due to the promoted secondary
reactions. The second pathway, i.e., K2CO3 salt as the
heterogeneous catalyst,22,23 seems to be relevant because the
char particles from K-impregnated sawdust were permeable and
alkali salts were deposited on the surface of char particles (see
Figure 8). The direct interaction between alkali metal elements
and tar molecules in the gas phase (pathway 3) was also
apparent in our study. The significant tar reduction by K
impregnation occurred at the temperature where the char yield
also decreased significantly. As shown in eq 1, the catalytic cycle
of char gasification involves the release of potassium to the gas
phase. The char yield (Figure 7) also indicates that part of
potassium was released to the gas phase at T = 1000 °C. Under
these circumstances, we cannot reject the presence of pathway
3. In fact, a similar effect was recently observed without the
presence of coarse particles (e.g., char and fly ash) in an
ethylene flame.24 Further studies are recommended to identify
dominant pathways responsible for the reduction of the tar
yield by K impregnation.
Finally, we point out two limitations of the current study.

First, we have impregnated potassium by soaking biomass into
aqueous K2CO3 solution. The moisture content of biomass was
quite high after the current impregnation method and required
drying prior to gasification. Therefore, other impregnation
methods, such as dry mixing or vapor deposition, would be
beneficial with respect to thermal efficiency, although these
methods could inhibit the catalytic activity as a result of poor
contacts between raw biomass and alkali metal elements.
Second, we used pine stem wood, which has a very low ash
content. Because of the increase in the price of “clean” wood
and the competition with other products (e.g., lumber, pulp,
and paper), the utilization of low-grade biomass with high ash
contents has been increasing its importance. Therefore, the
application of alkali-catalyzed entrained-flow gasification on
other types of biomass samples would be beneficial in general.
The difference from this study could be expected. For example,
biomass with a high Si content (e.g., straws) would form
potassium silicates that have low or no catalytic activity.
Biomass with a high Ca content (e.g., bark) would result in high
slag viscosity compared to that of K2CO3, albeit lower than that
of raw biomass slag. Hence, to avoid clogging of the gasifier
outlet, it may require a higher reaction temperature than
required for tar/soot reduction.

■ CONCLUSION
Simultaneous reduction of tar and soot from entrained-flow
gasification of biomass was achieved by impregnating pine
sawdust with aqueous K2CO3 solution. While char conversion
was promoted primarily at temperatures between 900 and 1000
°C, tar and soot yields were further reduced up to 1100 °C.
The results indicated that potassium inhibited the growth of
PAHs and promoted the decomposition of light tar (with 1−2
aromatic rings). The experimental results, in the context of
previous studies, indicated that potassium has catalyzed the
reduction of tar and soot by directly interacting in both solid
and gas phases during devolatilization and secondary
decomposition.
Considering the ability to recover alkali salts as an aqueous

solution at the outlet of the gasifier, alkali-catalyzed entrained-
flow gasification of biomass can be a promising process to
produce clean product gas for further upgrading to biofuels or
chemicals. The operation temperature required for the process
could also be significantly lower (1000−1100 °C) than that of
typical entrained-flow biomass gasifiers (ca. 1400 °C), which
would increase the thermal efficiency. Nevertheless, further
investigation of the catalytic mechanisms is recommended, such
as investigation with high-ash-content (e.g., Si and Ca) biomass
and other impregnation methods (e.g., dry mixing and vapor
deposition).
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Abstract 

The work investigates in a drop tube furnace, the effect of potassium on carbon 

conversion for three different types of fuels: an ash lean stemwood, a calcium rich bark and a 

silicon rich straw. The study focuses on an optimal method for impregnating the biomass with 

potassium. The experiments are conducted for 3 different impregnation methods; wet 

impregnation, spray impregnation, and dry mixing to investigate different levels of contact 

between the fuel and the potassium. 

Potassium is found to catalyse both homogenous and heterogeneous reactions. All the 

impregnation methods showed an effect of potassium on heterogeneous reactions (char 

conversion). The effect the through wet and spray impregnation are similar effects and very 

significant whereas dry mixing still shows a notable effect in comparison to the non-

impregnated samples, revealing the existence of a gas-induced mechanism that supply and 

distributes potassium on the char particles. Concerning the effect of potassium on homogenous 

reactions, it is found that potassium in the gas phase leads to much lower yields of C2 

hydrocarbons, heavy tars and soot. The results reveals that potassium reduces the likelihood of 

light aromatic to progress toward heavier PAH clusters, thereby inhibiting the formation of soot-

like material. A moderate interaction between the added potassium and the inherent ash forming 

elements is also observed: Potassium has a smaller effect when the fuel is naturally rich in 

silicon.  
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The combined results open the door to a gasification process that incorporates 

recirculation of naturally occurring potassium to improve entrained flow gasification of 

biomass. 

 

Keywords: Potassium; biomass gasification; alkali; catalyst; soot; tar, spray 

impregnation 

 

1. Introduction 

Gasification is a resource-flexible and product-flexible way to upgrade biomass into 

renewable chemicals. However, the levels of impurities in the syngas are often problematic for 

operation of the synthesis units downstream of the gasifier. These problems, however, might be 

reduced to great extent by the utilization of a fuel that contains alkali elements. Alkali 

compounds have long been shown to have catalytic activity on the heterogeneous char 

gasification reactions [1–7]. There is also an evidence that alkali reduces the formation of gas 

impurities [8,9]. The benefits of alkali and alkaline elements on tar suppression have also been 

repeatedly observed at pilot-scale fluidized bed gasifiers [10–12] and at an entrained flow 

gasifier [13]. The latter reference, corresponding to a 2MWth black liquor gasifier, also 

demonstrated the feasibility of upgrading biomass-based syngas into liquid fuels without 

complex gas-cleaning units [13]. This can be attributed, in big part, to the natural high 

concentrations of Na in black liquor (approx. 20% in dry basis). The successful experience with 

black liquor has motivated the adaptation of the concept of alkali-catalysed gasification to wider 

range of biomass. Recently, we proposed a process with recirculation of the naturally occurring 

potassium in biomass ashes to enrich the alkali content of the fuel prior to the gasifier [14,15]. 

Laboratory-scale experiments showed that impregnating stem wood with 4% of potassium leads 

to a reduction of tar of the order of 30% and a ten-fold reduction of soot [15]. Additionally, 

equilibrium calculation showed that impregnating the biomass with potassium would lead to 

additional operation benefits as an improved ash flowability as well as in-situ sulphur 

capture[14]. In the proposed process, the biomass is impregnated with potassium carbonate. 

Potassium is the most abundant alkali element in biomass, and therefore it offers the best 

chances of an efficient recovery and recirculation. Carbonate has been chosen as the anion 

counterpart because it is in the form in which potassium is predominantly found in the ashes 

left by gasification conditions. In an earlier study it was found that both hydroxides and 

carbonates were catalytically active forms of alkali regarding char gasification[16]. 
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However, the mechanism through which alkali inhibits soot formation is not well 

understood. This lack of fundamental knowledge ultimately leads to practical questions. A 

particularly important one is the type of contact necessary between the alkali elements and the 

organic matrix of the fuel. Additionally, due to economic reasons biomass gasification should 

preferably utilise low-grade biomasses, which are typically ash-rich. Therefore, the effect of K 

should be studied not only in isolation but also in the presence of other ash-forming elements; 

particularly calcium, the most abundant inorganic element in forest biomass as well as Si, the 

most abundant in herbaceous biomass. Silicon is affine to bond with alkali to form viscous 

alkali silicates melts that are thought to be undesirable both chemically (non-catalytic 

species)[10,17,18] and physically (a molten layer around the fuel particles might restrict oxygen 

transfer)[19]. Furthermore, unlike in char gasification, there is no quantitative data on the effect 

of alkali on the different gas impurities, thus it is of interest studding the formation of gas 

impurities as a function of the amount of potassium in the fuel. This information is important 

because, excessive amounts of alkali may be also counterproductive by behaving as a thermal 

ballast that limits cold gas efficiency in a gasifier.  

This work is based on experiments in in a laboratory scale drop tube furnace (DTF) that 

target the effects of: a) the contact between the biomass and K as determined by different 

impregnation methods, b) interactions of K with inherent Ca and Si in biomass, and c) different 

alkali levels in the fuel (approx. 2, 4, and 8% on mass basis). The above variables have been 

studied at a reference temperature of 1000 °C, which is in the range of the temperatures in which 

alkali-catalysed entrained flow gasification aims at operating. Additionally, a subset of 

experiments has also been carried out at T=1200 °C to investigate the temperature in which 

soot becomes critical but also to provide a basis to interpolate results above 1000°C. 

 

2. Methods 

2.1 Sample preparation 

Three different biomass feedstocks were used in the experiments: pine bark was selected 

as a representative of calcium rich forestry residues, wheat straw as a representative of a typical 

Si-rich agricultural residue and spruce stemwood as a reference of an ash lean fuel. All the raw 

feedstocks were sieved to select the fraction left within the 200-300µm mesh size. The selected 

material was divided into representative divisions with a rotary sample generator and the 

subsequent divisions were impregnated with potassium carbonate through the different 
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methods: dry mixing, spray impregnation and wet impregnation. Additionally, experiments 

with the original non-impregnated samples were also carried out for comparison purposes. Dry 

mixing consisted on feeding the biomass simultaneously with solid K2CO3 particles, thereby 

limiting any interaction between the two streams to gas-phase reactions. Spray mixing consisted 

on adding the alkali by spraying a K2CO3 solution upon the biomass, thus primarily leading to 

alkali being deposited on the external surface of the biomass particles. And wet impregnation 

consisted on mixing and stirring the biomass in a K2CO3 solution.  

Wet impregnation was carried out by mixing the biomass with an aqueous solution of 

K2CO3 at a ratio of 15ml solution per 1 g of biomass. The concentration of the K2CO3 solution 

was 0.2M for stemwood and 0.1M for bark and straw to target 4% of K in the impregnated 

biomass on mass basis. The resulting slurry was stirred for 30 min at 80°C, and afterwards, 

vacuum-filtered to remove as much of the impregnating solution as possible before drying. 

However, some of the K2CO3 solution still remained in the biomass, precipitating upon drying. 

In this way, the potassium on the wet-impregnated samples would ultimately exist both as 

ionically-bonded potassium to the organic groups in the biomass as well as precipitated as 

crystals on the internal and external surfaces of the biomass particles. This split was quantified 

through two independent methods: a) by measuring the moisture reaming in the biomass after 

filtration to estimate the amount of K that can precipitate during drying b) by rinsing away the 

precipitated potassium salt crystals and measuring the remaining K. The results are shown in 

the appended material. In general, ionically-exchanged potassium accounted for 60-70% of the 

potassium.  

Spray impregnation was carried out by spraying a calculated amount of K2CO3 solution 

(0.4M) into the biomass which remained under continuous stirring. This method targeted 

concentrations of potassium in the fuel (i.e. impregnation levels) of 2, 4 and 8% on mass basis. 

After spraying, the samples were dried overnight at 105 °C. The same procedure was followed 

for all of the 3 original fuels (wood, bark or straw).  

The prepared impregnated fuels were further divided into representative samples for the 

chemical analyses and for each of the planned experiments. The table 1 shows the ultimate 

analyses and the major ash-forming elements analyses for each of these sample.  
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Table 1 Elemental analysis of the different fuels used in the experiments. 
a: Ultimate analysis at our lab.  
b: By ISP-MS at a commercial lab 
n.a. Not analysed 

 

2.2 Experimental configuration 

All the experiments were conducted in an atmospheric laminar drop tube furnace (DTF). 

The reactor consists of an alumina tube (internal diameter: 54 mm, heated length: 2.3 m) inside 

split tube furnaces. The gas flow rate into the reactor is regulated by mass flow controllers 

(Bronkhorst: EL-FLOW series). The biomass is fed by a vertically-arranged syringe pump that 

continuously displaces the bed of particles upwards. In the centre line of the bed, an 8 mm tube 

leads the fuel to fall into the reactor. Vibration is applied to the feeding unit to improve the 

consistency of the fuel flow. The fuel particles fall into the high temperature zone in the reactor 

through a water-cooled probe, thus ensuring a high heating rate characteristic of entrained flow 

gasifiers (ca.10000 °C/s). 

Upon reaching a steady state both in temperature and gas environment, biomass was fed 

into the reactor at a rate of approximately 6 g/h. A primary flow of gas (160 ml/min of N2) was 

injected from the central tube together with the fuel. A secondary flow (4.64 l/min of N2 and 

0.258 l/min of CO2) was concentrically supplied to set the gas composition of the reactor at 

approximately 5% of CO2 on volume basis. All the gas volumes are given at the reference 

conditions of T=0°C and P=101.3kPa. The feeding was maintained for 25 min but the 

experiment was not considered completed until the reactor recovered the initial gas 

composition. The solid residue from the gasification (char + ashes) was collected in a char bin 

at the bottom of the reactor. The particles suspended in the gas were captured first through a 

cyclone (URG corporation: URG-2000-30ENS-1; nominal cut size 2.5 µm) and subsequently 

through a glass filter (Whatman GF/A 50mm; particle retention 1.6 µm). Based on SEM images 
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of previous work, we estimate that this type of filter was able to capture particles as small as 

0.8 µm. The exhaust gas line was heated to T=180 °C to reduce the possibility of condensation 

of heavy tars before its sampling. The condensable compounds (tar and water) were collected 

by bubbling the gas through methanol-filled washing bottles kept in a cold bath at -50°C. 

Finally, a microGC (Agilent 490 equipped with PoraPLOT U and MolSieve 5A columns) 

measured gas species (H2, N2, CO, CO2, CH4, C2H2, C2H4, C2H6, C3H8,) with a measuring 

interval of 120 sec. After the completion of each experiment, a flow of oxygen (5% of O2 diluted 

in N2) was passed through the reactor to combust any carbon deposited on the walls of the tube. 

the CO2 formed under this process was measured and used to calculate the amount of carbon 

that deposited on the walls, and referred as “deposited carbon”. It is worth noting that the 

existence of deposited carbon is due to the nature of the laboratory setup (i.e. high wall surface 

to biomass feed rate ratio and low gas velocity). Nevertheless, it is of interest because it is 

associated with the concentration of intermediate precursors of soot. Table 2 summarizes the 

various sources of residual carbon, or otherwise referred as undesired products. Main gas 

species were presented in the appended material. 

Table 2 Description of the different sources of residual carbon 

Source of residual 
carbon 

Description 

Char  Mass of carbon in the solid residue (Char + ashes) (including C as CO3-2) 

Soot Mass of carbon in the filter (excluding C as CO3-2) 

Deposited carbon Mass of C recovered by passing O2 through the tube after each experiment 

C2 gases Mass of C as C2H2 and C2H4. C2H6 was always below the detection limit 

Tar Mass of C in tar. Further subdivided by number of aromatic rings 

 

Another aspect that is important is the chronological order in which the experiments 

were carried out. As it was learnt from previous work with the same experimental equipment, 

alkali elements interact with the alumina walls of the tube. The alumina wall can either 

accumulate or release alkali elements depending on the thermodynamic conditions, in other 

words, the tube has some chemical inertia. For this reason, we conducted the experiments of all 

the sample without alkali impregnation at the beginning. Then, the experiments using the fuel 

with the same amount of alkali elements (for example, 4% of K) were grouped together and the 

order of experiments within that group was randomized. Before moving to the next group of 

experiments (for example experiments with the fuel containing 8% of K), a stabilization run 
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was conducted. Stabilization runs were carried out with the same configuration that the ordinary 

experiments but for longer time and without measuring any of the products. 

2.3 Chemical analysis 

The ultimate analyses were carried out with EuroEA3000 by Eurovector srl. These 

analyses were conducted for the biomass samples, char bin material and filter material. The 

inorganic composition of the fuel samples was measured in a commercial laboratory through 

ICP-MS following the SS EN ISO 17294-1, 2 for ICP and the EPA-method 200.8 for the MS. 

Methanol-dissolved tar species were measured with a GC-FID analyser (Agilent 7820A with 

DB-EUPAH column, length: 60 m; internal diameter: 0.25 mm; film thickness: 0.25 µm). The 

temperature of the oven was increased from 57 °C to 97 °C at a heating rate of 4 °C/min and 

then to the final temperature of 280 °C at 10°C/min. Temperature was then maintained for 12 

minutes. 

SEM-EDS analyses were conducted for a selection of fuels and chars. The model used 

was a JEOL JSM-IT300, using a shadow back-scattered electron detector for the morphological 

study and an Oxford instrument block for the EDS analysis.  

 

2.4 Thermodynamic equilibrium calculations 

The equilibrium of the major gas compounds and the state of alkali metals under 

experimental conditions were calculated utilising the commercial software “FactSage 7.0” with 

the databases FactPS 7.0. We also included the solution packages; FT Oxid-SLAGA and FT 

Pulp- MeltA for liquid solutions and FTpulp-Hexa for solid mixtures[20]. 

 

3. Results and discussion 

3.1 The effect of the impregnation methods  

The impregnation method was utilised to recreate different degrees of contact between 

the alkali and the biomass. Fig. 1 and Fig. 2 shows the yields of the different sources of 

undesired products for each of the impregnation cases. In the latter, the data has been stacked 

to visualise the contribution of each product. All the above-mentioned yields are calculated on 

the carbon basis. As it can be seen in both figures the addition of K into the fuel led a significant 

reduction of residual carbon in general. The analysis of the statistical significance of the results 

is provided in the appended material. 
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Figure 1 Yield of undesired products expressed as a carbon balance. The impregnation level is 4% K and the temperature 
1000°C.The error bars shows one standard deviation with a sample size of N=3.  

 

 

Figure 2 Combined yield of undesired products. The impregnation level is 4% K and the temperature 1000°C. The data has 
been stacked to facilitate the comparison between the different products. 

 

The char yield from bark and wood decreased significantly by adding potassium in the 

fuel. This observation indicated that in presence of alkali there is an increase in the char 

conversion rate. The catalytic effect of alkali elements on char gasification has repeatedly been 
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reported in literature [6,7,17] and is not discussed further in this paper. However, there are a 

few observations that should be drawn from the results. First, the apparent rates of char 

conversion were at least affected by kinetics despite we cannot conclude that the char 

conversion was solely governed by kinetics. Second, the behaviour of impregnated straw was 

very different to those of impregnated stemwood and bark, thus showing that there is a mixed 

effect between the fuel type and the presence of alkali. This observation centres the discussion 

in the next chapter. Finally, char conversion improved even when potassium was added through 

the dry mixing method. The latter is also observed for the rest of the products shown in the 

Figure 1. This observation indicates that the catalytic effect of K is a gas-phase induced 

phenomenon. Thus, it is not necessary that there exists an initial solid-solid contact in a 

molecular level between the biomass and the alkali salts. Notably, the gas-phase induced effect 

of alkali element is not exclusive to gas phase products (e.g. soot–relevant products) but also to 

the heterogeneously-reacting char. It implies that there exists a pathway to transport K from 

K2CO3 particles to the char through the gas phase. Such a pathway has recently been presented 

on the basis of experimental work relevant for fluidized bed gasifiers [21]. In particular, they 

showed that potassium volatilized from the ash-covered bed material (olivine) and re-

condensed on the char particles to catalyse char gasification[21]. The possibility of this gas-

induced mobility of K should be, however, evaluated from a thermodynamic perspective under 

the conditions relevant to our experiments.  

In our reactor, there are two scales where relevant phenomena take place: the global 

reactor scale and the particle scale. The global scale captures the environment that causes the 

potassium compounds to be released from the K2CO3 particles (in the dry mixing case). The 

local particle scale, captures the environment around the particle, which is where 

recondensation of gaseous potassium onto char particles would occur. It assumes that the 

boundary layer formed by out-going pyrolysis gases (these gases occupy a volume 

approximately 360 times bigger than that of the initial fuel particle) acts as a diffusion barrier 

that causes that the gas composition around the char particles differs from that of the overall 

reactor. The results from these thermodynamic calculations are illustrated in Fig 3. They show 

that, under the global equilibrium, all the potassium is expected to be released to the gas phase, 

demonstrating the thermodynamic likelihood of potassium to migrate from the condensate to 

gaseous phase. Thereafter part of the gaseous alkali may diffuse into the local environment. The 

calculations indicate that most of the potassium around the char particles remains in the gas 

phase, yet, re-condensation may take place to some extent. Besides, because char gasification 

is endothermic, the temperature of the char surface is lower than that of the reactor, thereby 
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further supporting the re-condensation of potassium. However, thermodynamic modelling does 

not capture the chemical and physical complexity of the phenomena that take place in the local 

regions and therefore the above results should be interpreted only as an indication of the 

likelihood for the gas-induced mobility of alkali rather than as a proof. 

 

Figure 3 Potassium in the gas phase as predicted by the thermodynamic equilibrium. Conditions simulating the experiments 
in the DTF: T=1000°C, CO2=5 %. Fuel composition given by stemwood with a 4% K content.  

 

In general, dry mixing is slightly less effective than wet and spray impregnation 

methods. This difference is because only a part of the potassium has time to be released from 

the K2CO3the particles before exiting the reactor, thus the amount of K that is active in dry 

mixing is smaller than in the other methods.  

The results have important implications for the design of an alkali-catalysed biomass 

gasification process. Because the alkali element does not require be tightly bonded to the 

biomass, the impregnation unit could be greatly simplified by adopting a large scale version of 

the spray impregnation method. The spraying method is also preferable over the wet 

impregnation, among other reasons, because it requires a smaller energy consumption to dry 

the impregnate fuel and because it avoids the secondary carbon –leaching effects associated 

with wet impregnation of biomass[16]. 

 

3.2 Interaction of K with silicon 

Fig 1 showed that for all the impregnation methods, potassium had a much weaker effect 

in straw than in bark and stemwood. This was especially obvious in the residual carbon in the 

char but it is also visible in the soot-relevant products. There was therefore a combined effect 
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between the addition of potassium and the type of biomass. This combined effect was identified 

through an analysis of variance with the following factors a) fuel type (3 categories) and b) 

added K (0% vs spray- 4%). The results of the analysis are provided in the appended material. 

They showed that indeed the mixed effect between the fuel type and the added K is significant 

with the p-values of the mixed effect being well below 0.05with the exception of C in the C2 

gases. Straw contains much more Si than bark and wood (see table 1), and thus the factor “fuel 

type” implicitly carries the effect of the Si content in the fuel. Therefore, given the affinity of 

Si to bond with potassium to form inert K-silicates, the combined effect fuel type-added K 

should be interpreted as an interaction between the added K and the inherent Si in the fuel.  

The distribution of K based on equilibrium is shown in Fig. 4. The results showed that 

the inherent high content of Si in straw captured a noticeable amount of K in the condensate 

phase. For straw, the category refers to K2SiO3. The formation of K2SiO3 limited the amount of 

gaseous K, which is active as a gas-phase homogenous catalyst. This may be the reason why 

straw yielded higher quantities of soot –related products. On the other hand, at 1000 °C, K2SiO3 

is a viscous liquid with a tendency to stick on particles. This behaviour is undesirable in char 

gasification as it tends to encapsulate char particles and increase resistance to mass transfer. 

   

Figure 4 Speciation of K as predicted by the thermodynamic equilibrium at the experiment conditions T=1000°C, CO2=5%. 
K=0%/4%. For clarity all the compounds of K with Si have been grouped together (in yellow) 

To investigate the encapsulation event, we conducted SEM imaging and EDS mapping 

for straw-origin chars. Fig 5 shows the SEM images of the char that resulted from impregnated 
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straw through wet impregnation (top images) and spray impregnation (bottom images). The left 

images feature a large domain of the char sample, picked randomly, providing an idea of the 

overall morphology of the sample. The right images refer to a magnified region that was further 

analysed with EDS mapping. The mapped area was carefully selected to include singular 

features such as external surfaces and internal sections of char particles while being 

representative of the majority of the char. 

The elemental maps in the Fig. 6 and Fig. 7 show that considerable amount of Si existed 

on the external surface of large particles (i.e. unconverted). Besides the Si signal was aligned 

with those of O and K, giving evidence of the formation of K-Si-O rich compounds. The fact 

that this material was found predominantly on unconverted particles should be understood as 

that the deposition of K, Si, O on a particle reduces the conversion rate of the particle thereby 

remaining large. This observation, in combination with the results on char conversion, suggests 

that adding K in Si- rich fuels tend to form an outer layer of molten ash that encapsulates the 

char particles, limiting the carbon conversion of straw char by restricting the supply of oxidant 

gases (CO2 and H2O) to the reacting char particles.  

On the other hand, the SEM pictures visualized that the degree of conversion of the 

gasification residue that resulted from spray-impregnated straw (bottom images) was much 

higher than that in the residue from wet- impregnated straw (top images). This is consistent 

with the yields of carbon in the char residue reported in Fig. 1. Although Si-rich compounds 

were located on the surfaces of larger char particles from both spray and wet- impregnated 

straws, wet impregnation yielded a much larger number of these unconverted particles. This 

observation suggests that the encapsulation event in Si-rich fuels might be more severe if the 

potassium is added through wet impregnation than through spray impregnation. The lower 

degree of contact in spray impregnation may preclude an exhaustive chemistry between the Si 

and the K and thus avoid to some degree the negative consequence of the formation of the 

K2SiO3 layer. 
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Figure 56 Appearance of the gasification residues arising from wet-impregnated straw (top images) and spray-impregnated 
straw (bottom images). The magnified areas were mapped with EDS and showed in figures 6 and 7. The magnified regions 
including external surfaces and internal sections of char particles but also material representative of the majority of the char. 
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Figure 7 EDS mapping of the region showed in 6b. Gasification residue from experiments with wet impregnated straw. 
K=4%, T=1000C. Point analysis: Spectreum1: 31.2% O, 20.5% Si, 12.3% K. Spectreum2: -% O, 55.3% Si, 42.5%K. 
Spectreum3:24.9% O, 13.9% Si, 17.6%K. All percentages given on a mass basis 
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Figure 8 EDS mapping of the region showed in 6d. Gasification residue from experiments with spray impregnated straw. 
K=4%, T=1000C 

 

3.3 The effect of the potassium impregnation level 

To this point all the results indicate that adding K in the biomass through spray 

impregnation is as effective as through wet impregnation or even more in the case of straw. 

Therefore, given that spray impregnation is much more convenient to implement in a full-scale 

gasifier than wet impregnation, we shall focus on spray impregnation as the method to add 

potassium in the fuel for the rest of the study. 

Figure 8 shows the yield of the various undesired products as a function of the potassium 

content in the fuel. The figure illustrates that the potassium has a weaker effect in straw than in 

the other fuels. As discussed earlier this is due to the affinity of the inherent Si to bond with K 
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thereby limiting its availability in a catalytic form. Thermodynamic calculations indicated that 

the interaction with Si in straw dominates the fate of K up to an eventual K content in the fuel 

after impregnation of 1.5%. Any additional K above this threshold does not interact with Si and 

therefore stays active as a catalyst. In fact, Fig 8 illustrates that the char yield of straw-origin 

samples (due to char encapsulation) peaks around 2% of K in fuel. Above this value, the added 

K showed a positive effect in reducing unconverted char by probably promoting char 

conversion in those particles where the encapsulating ash layer is milder. 

 

Figure 9 Yields of undesired gasification by-products. Experiments with the spray impregnation method at T=1000 °C and 5 % 
CO2. Error bars show 1 standard deviation. N=3 for the K= 0 and 4 % whereas N=2 for K=2 and 8%. 

 

Figure 8, also shows that, soot (and products relevant for soot-formation) are very 

sensitive to K. Soot is the ultimate product of a long and complex sequence of reactions. This 

sequence is often subdivided in four major steps: homogeneous nucleation of soot particles, 

particle coagulation, particle surface reactions and particle agglomeration. The latter 3 steps are 

associated to the growth in size of soot particles, but it is the homogenous nucleation step the 

one that is most relevant for the discussion presented here since it is the process that governs 

the formation of soot and the most sensible to chemical phenomena. The prevailing opinion is 
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that the formation and growth of PAH clusters is the critical step in the nucleation of soot. The 

understanding is that PAH compounds repeatedly experiment collisions with each other 

ultimately evolving into to 3-D solid particles[22]. The formation and growth of PAH therefore 

appears as a critical step. Two main mechanism are responsible for it:  

The HACA mechanism holds that the growth of aromatic hydrocarbons proceeds by a 

continued removal of hydrogen atoms and addition of carbon atoms. One particularly important 

case of HACA is that which happens in presence of C2H2 as formulated by Frenklach[22] 

 

𝑅𝑖 + 𝐻
 

⇔ 𝑅𝑖− + 𝐻2 (1) 

𝑅𝑖− + 𝐶2𝐻2
 

⇔ 𝑅𝑖𝐶2𝐻2 (2) 

𝑅𝑖𝐶2𝐻2 + 𝐶2𝐻2
 

⇔ 𝑅𝑖+1+H (3) 

 

Where Ri is the growing aromatic radical, and i the number of rings. 

The availability of C2H2 is critical for the HACA pathway. Figure 10 shows that C2H2 

is strongly reduced by adding K. This could be interpreted as K promoting C2H2 consuming 

reactions (HACA being one of them) or by K inhibiting the formation of C2H2 at an earlier 

stage. The fact that both the yields of C2H4 ( see the appended material) often seen as a precursor 

for C2H2[23] and the black carbon in the filter (aka soot) are also strongly reduced by K suggests 

that the reduction of C2H2 is likely driven by the second option, i.e. inhibition of the formation 

of C2H2 at an early stage. The unavailability of C2H2 would, then, limit the growth of PAH 

through the HACA pathway. Besides, the observation that the decrease in C2’s species in 

presence of K is balanced by an increase of CH4 insinuates that CH4 could be a product of C2’s 

cracking reactions. 

Additionally, the growth of PAH takes place also as a result of successive collisions 

between lighter aromatic, this pathway is also known as the direct combination route. For 

instance, in benzene-rich environments as in our experiments the growth of PAH can be 

initiated by the formation of biphenyl[22]. Note that this mechanism can proceed 

simultaneously with HACA.  

Biomass devolatilization generates a wide range of pyrolysis products, often called 

primary tars. These species undergo secondary and tertiary reactions tending toward relatively 

stable compounds. In our experiments; the residence times and temperatures were such that the 

collected tar species consisted uniquely of aromatic hydrocarbons. In Figure 11 the collected 

tar species has been grouped according the number of aromatic rings. The figure reveals that 
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light (1-2 rings) and heavier tar species (3-5 rings) responded differently to potassium. The 

heavier compounds are more sensitive to potassium than the lighter species and they decreased 

moderately already at low concentration of potassium, showing similarities to the responses by 

soot and C2’s. However, the yield of light tars (i.e. 1-2 aromatic rings) increased at low levels 

of K peaking at around 2%. A possible explanation would be that reactions that consume light 

tar compounds to form heavier species and ultimately soot (both the HACA mechanism and the 

direct combination route) may be inhibited by the presence of K. However, beyond the level of 

2% the net effect of potassium was to decrease the yield of light species.  

 

Figure 10 Yields of tars grouped by the number of aromatic rings. Experiments with the spray impregnation method at T=1000 
°C and 5 % CO2. Error bars show 1 standard deviation. N=3 for the K= 0 and 4 % whereas N=2 for K=2 and 8%. 
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Figure 11 Stacked yields of soot-related undesired products. Experiments with the spray impregnation method at T=1000 °C 
and 5 % CO2. 

 

In summary, K affects more severely the yields of the products that are in a later stage 

of conversion towards soot (e.g. soot itself) because they capture the accumulated effect of K 

on all the reactions upstream. Nevertheless, given that the experiments were not optimised to 

investigate reaction mechanisms, we should interpret the above results with care. What appears 

undisputable is not only that the impregnation the fuel with K leads to a decrease in the 

combined yield of gas impurities (tar+C2’s+ soot) but also that it leads to a reduction in the 

average molecular size of these products. 

 

3.4 Effect of alkali at higher temperature  

Conventional entrained flow biomass gasifiers are operated at a temperature which is 

high enough to ensure high carbon conversion and low levels of methane and tar and most 

importantly to ensure that flowability of the ash is good. However, these high temperatures tend 

to aggravate the problems of soot formation. 

The comparison of made in Fig 13 between the yields of unconverted carbon at 1000 

°C and 1200 °C (Fig. 13) highlights two main results. On the one hand, the benefits of alkali in 

reducing undesired products (and remarkably soot), discussed in the previous sections on the 

basis of experiments at T=1000°C, still holds at T=1200°C and therefore we can extrapolate 

them into higher temperature. In fact, the decrease in soot with potassium impregnation was 

more accentuated at 1200°C than at 1000°C. On the other hand, the figures also indicate that 

the impregnation of the fuel with potassium is more advantageous than simply rising the 

temperature of the reactor. With the exception of straw, the combined yield of residual carbon 

from K-impregnated biomass at 1000 °C was lower than that from non-impregnated biomass at 
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1200 °C. In addition, operation of the reactor at cooler regimes would be also beneficial for 

cold gas efficiency [24] 

 

 

Figure 12 Stacked yields of undesired products ( including both C in char as well as gas impurities). Experiments with the spray 
impregnation method at T=1200 °C and 5 % CO2. 

 

4. Conclusions 

The effects of potassium on the formation of undesired by-products of gasification have 

been studied in a laboratory drop tube furnace.  

It has been found that adding potassium into biomass improved the gasification 

behaviour of the fuel by significantly reducing the yields of gas impurities as well as the amount 

of unconverted carbon that is left in the gasification residue.  

The degree of contact between potassium and the fuel was found not to be important 

neither for gas impurities nor for char conversion. This finding suggested that the effect of 

potassium was a gas-induced phenomenon. Therefore, the impregnation of biomass at a larger 

scale could be carried out with very simple methods such as spraying. Nevertheless, the benefits 

of potassium were weaker in straw due to its high content of Si, which lead to the formation of 
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non-active potassium silicates. Besides, the formation of a layer of potassium silicate around 

the particles (e.g. char encapsulation) impaired char conversion by restricting mass transfer.  

The reduction of gas impurities in presence of K took place through homogenous gas-

phase reactions after the devolatilization. The effect of potassium on residual carbon showed 

two distinct trends: C2’s gases, heavy tar and soot-like material responded very sharply to K, 

most of the effect of K on these products was already captured at a concentration of 2% K. On 

the other hand, the effect on lighter tars and char conversion was less intense but did not seem 

to saturate above 8% K. The diverging effect of potassium on light and heavier tars compounds 

suggested that potassium reduced the likelihood of light aromatic tars to progress towards PAH, 

and thereby to soot.  

Finally, from the perspective of minimizing the combined yield of residual carbon 

impregnating the biomass with potassium was advantageous over increasing the gasification 

temperature from 1000 °C to 1200 °C. 

In summary, the present study perceives the recirculation of K-rich ash into the fuel as 

a promising method to enhance the quality of the syngas. That could lead to improvement in 

the economic performance of biomass gasification by reducing the need for expensive 

downstream cleaning stages and reducing the maintenance stops from soot and tar related 

operational problems.  
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Appended material  
 

Analysis of variance 

During the work there was effort to evaluate the significance of the following effects: 

 The effect of impregnation with potassium (by comparing non-impregnated 

samples with spray-impregnated samples at the level of 4%K) 

 The effect of the impregnation method (by comparing the 3 different 

impregnation methods at the level of 4%K 

That was done through a 2-factor statistical analysis of variance (2-way ANOVA) that studied 

the factors above together with the factor fuel type (bark, straw, and stemwood). The results 

are provided in the following tables.  

Table I: Analysis of variance with two factors: The fuel-type factor ( wood,bark and straw) and the impregnation ( bo-

impregnated vs 4%K-spary). P-values<0.05 have been highlighted in yellow 

P-values C char  BC filter C in tar C deposited C in C2'S 

effect of fuel 4.6E-12 1.1E-01 1.3E-01 8.1E-04 1.1E-01 

effect of imp. 4.0E-11 1.9E-08 9.9E-09 2.1E-12 1.3E-08 

Mixed effects 9.4E-11 2.5E-03 2.1E-03 1.8E-03 2.0E-01 

 

From table I two main observations can be drawn: 

a) Impregnation with potassium (in this case spray) has a very significant effect 

b) There is a significant mixed effect between the fuel type (bark, wood and 

straw) and the potassium impregnation (no impregnation vs 4%K-spray) 

The observation b) is believed to be caused by the discordant behaviour of straw. Thus, 

we repeated the same analysis excluding straw, and the results are shown in table II. Note that 

when we exclude the straw the mixed effect between –impregnation- and - fuel type- 

disappeared. 
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Table II Analysis of variance with two factors: The fuel-type factor ( wood,bark) and the impregnation (non-impregnated vs 

4%K-spray). P-values<0.05 have been highlighted in yellow. Straw Has been exlcluded from the analysis 

P-values C char  BC filter C in tar C deposited C in C2'S 

effect of fuel 1.2E-07 4.0E-01 4.5E-01 4.1E-04 1.0E-01 

effect of imp. Method 4.2E-09 2.2E-07 1.5E-07 9.4E-10 1.7E-06 

Mixed effects 1.2E-07 4.2E-01 4.2E-01 6.6E-01 1.4E-01 

 

Finally, we narrowed the analysis to the comparison of spray impregnation with wet 

impregnation (table III), It can be seen that the difference between the 2 methods is mostly 

insignificant. 

Table III Analysis of variance with two factors: The fuel-type factor ( wood,bark) and the impregnation ( spray impregnation 

vs wet impregnation). P-values<0.05 have been highlighted in yellow. Straw Has been exlcluded from the analysis 

P-values C char  BC filter C in tar C deposited C in C2'S 

effect of fuel 8.2E-01 7.9E-01 4.2E-01 8.1E-03 2.4E-03 

effect of imp. Method 2.3E-03 3.6E-01 7.5E-01 2.3E-01 4.6E-01 

Mixed effects 6.9E-01 3.0E-01 4.1E-01 3.3E-01 8.8E-01 
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Yields of main gas species 

 

Figure I The yields of the main gas species normalized to the mass of fed fuel. Conditions: T=1000 °C and 5 % CO2. K=4%. Error 
bars show 1 standard deviation. N=3. 
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Figure II The yields of the main gas species normalized to the mass of fed fuel. Experiments with spray impregnation at the 
conditions of T=1000 °C and 5 % CO2. Error bars show 1 standard deviation. N=3 

Normalized response to the K level 

 

Figure III 
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Distribution of potassium in wet impregnation 

In wet impregnation after the impregnation step (see methods) the samples are 

vacuum- filtered to remove as much of the impregnating solution as possible. Nevertheless, 

some of the K2CO3 solution still remains in the biomass afterwards and will precipitate as 

solid crystals upon drying. Therefore, in the dried sample potassium inevitably exist partially 

as precipitated crystals and partially bound to the organic groups. This split of potassium was 

estimated through two different methods. 

 By simply measuring the moisture content of the samples before drying, and thereby 

estimating the K that precipitates during drying. 

 By rinsing the impregnated sample (immediately after filtration) with deionized 

water, thereby replacing the K2CO3 solution with water. 

 

Figure IV Distribution of potassium in the wet-impregnated samples estimated from the two different methods.  

In the case of bark there is a discrepancy between the two methods. In this case the 

figures estimated from measuring the moisture are given more credibility because rinsing bark 

with water may have leached some of the organically-bound potassium. The results indicated 

that, in general, 2/3 of the K are bounded to the K  
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