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Abstract
Gasification using entrained flow reactors generates syngas that can be upgraded to 

chemicals with little gas cleaning.  Black liquor (BL) is a by-product from pulping industry 

that consists of residual wood constituents and spent pulping chemicals. Currently, it is 

combusted to recycle the pulping chemicals and at the same time generate steam and power. 

Alternatively, BL is one of the most attractive fuels for entrained flow gasification due to the 

catalytic activity of alkali compounds inherent in BL, possibility for pressurized feeding and 

the shared logistics with the pulping plant. However, the high content of ash in BL is also an 

energy penalty. Therefore the efficiency of BL gasification can be improved by co-gasifying 

it with more energy rich fuels.

The current work investigates the gasification characteristics of BL and pyrolysis oil 

(PO) blends by means of laboratory experiments. Experiments with varying BL/PO blending

ratios were conducted using three different devices. An isothermal thermogravimetric reactor 

was used to measure the reactivity of char under varying temperature and gas compositions. A 

single particle reactor was used to investigate the conversion of single droplets when exposed 

to high temperature reactive gas flow using lean, stoichiometric and rich CH4-air flames. 

Finally, a drop tube furnace was used to study the effect of temperature, gas composition and 

particle size on gas, tar, and gasification residues at high temperature (800-1400 °C).

Char reactivity of mixture samples was more than 30 times that of PO and comparable 

to that of pure BL, thereby indicating that catalytic activity was still very high after the 

addition of PO. High temperatures enhanced alkali release in the gas phase; however, the

concentration of alkali left in the particles remained high at any temperature and for any 

mixing ratio. Additionally the blends showed better carbon conversion than pure BL. The 

conversion rate of large particles (500-630μm) was controlled by mass diffusion and complete 

carbon conversion was never reached even at T =1400 °C. In comparison with pine-wood that 

was used as a reference, BL-based samples showed much lower tar concentrations in the 

syngas. The difference was attributed to alkali elements. Remarkably, the addition of PO to 

BL further promoted tar reforming in the presence of CO2. The addition of PO also 

significantly increased the yields of CH4 and CO. 
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1. Introduction
 

Fossil resources have fuelled the development of the world in the last two centuries.

The relentless use of these forms of energy has come at the cost of doubling pre-industrial 

concentrations of CO2, therefore becoming a threat to the stability of the climate. Renewable 

alternatives such as solar and wind power are increasingly substituting fossil based power 

production. However, transport fuel and chemical production still relies heavily on fossil 

feedstocks. Biomass gasification can be used to produce carbon-neutral chemicals. Such an 

application requires that the syngas is nearly free of tar and other impurities. There are two 

approaches to the issue. The first one involves putting effort and resources into cleaning the 

gas after the production stage (the so-called secondary measure). The second one involves

maximizing the quality of the gas already in the gasifier (the so-called primary measure).

Entrained flow gasification (EFG) is a concept of gasification designed with this seconds 

approach in mind. 

Black liquor (BL) is a byproduct of Kraft pulping made of spent chemicals, residual 

wood constituents and water. BL is a very attractive fuel for EFG and can be integrated in 

existing industrial systems while harvesting and transportation costs of biomass, which are 

critical constrains for biomass usage, are shared with the pulping activity. However, the 

energy content of BL is low given its high inorganic content which acts as a thermal ballast. 

Therefore the efficiency of the process could be improved by co-gasifying BL with higher 

energy fuels such as pyrolysis oil (PO). The work presented in this thesis aims to increase the 

fundamental understanding of PO/BL gasification through laboratory-scale experiments,

complementing experiments carried out at a pilot plant scale. The main research questions

will be presented in relation to literature but can already be provided in advance:

Is char reactivity (rate limiting step in fuel conversion) influenced 

by adding PO into BL? Can BL/PO blends achieve full carbon conversion?

What is the fate of alkali elements at high temperature (>1000 

°C)? Is alkali still available for catalytic activity in alkali-diluted fuels?

How does the addition of PO affect gasification with respect to

impurities in the syngas (tar and soot)?
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2. Biomass and Black liquor gasification

2.1 Biomass gasification

Plants and some types of bacteria capture energy from the sun transforming CO2 and 

water into glucose through photosynthesis. The energy stored in the form of chemical energy

can be then converted to heat through oxidation. This cycle powers most of life on earth.

Similarly biomass can be utilized for high added value purposes as an alternative to fossil 

carbon. The period of this cycle is of the order of magnitude of human life. Therefore, 

biomass usage is recognized as carbon neutral if used sustainably.

Gasification is the partial combustion of a carbonaceous material into a gas mixture

that retains a part of the chemical energy of the original fuel. Major chemical and physical 

phenomena in combustion and gasification are similar, the main difference is that in 

gasification the supply of oxygen is limited and therefore the products can be further oxidized.

The resulting gas, often called syngas or producer gas, can either be combusted in kilns, gas 

engines, gas turbines or further upgraded to chemicals. With power generation in mind, 

gasification has some advantages over direct combustion of the fuel. In large scale, integrated 

gas combined cycles (IGCC) offers much better efficiencies than those of typical Rankine 

cycles, while in small scale gas engines are both cheaper and also more efficient. However, 

biomass usage for electricity production is generally competitive against other sustainable 

alternatives only under special scenarios, for instance when the fuel is a waste that needs to be 

disposed or in an integrated system with several products[1]. In the last decade the focus in

biomass research has shifted from power production towards production of carbon neutral 

chemicals. 

There are several gasification technologies. A good classification of all of them can be 

found elsewhere [1,2]. The most attractive designs for scaling up are: bubbling fluidized bed 

(BFBG), circulating fluidized bed (CFBG) and entrained flow gasifiers (EFG). The main 

features of fluidized bed gasifiers are relatively low temperature (750-950 °C), long residence 

time and forced fluidization and mixing of the fuel with an inert bed material by the oxidizing 

gas. Fluidized bed gasifiers are the most established design for biomass gasification.

However, the produced raw syngas contains significant amounts of tar and expensive gas 

cleaning systems are required to make the gas suitable for upgrading to chemicals.
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Alternatively, entrained flow gasifiers (EFG) have been designed to achieve high syngas

quality in situ. They are common in petrochemical industry and tens of reactors have been 

built for coal gasification [3]. The main characteristics are short residence times (1-4 sec), 

high temperatures (>1400 °C for coal) and the presence of a flame within the reactor. 

Additionally, they are compact and can be scaled up to larger sizes than other technologies

(>500 MW). The higher syngas quality comes at the price of having to feed the fuel in a 

pulverized or liquid form.

2.2 Black liquor gasification (BLG)

The combustion of BL in recovery boilers is a well-established method for recycling 

the pulping chemicals and recovering the energy content of BL to generate process steam and 

power. Nevertheless, in the last half century different reasons have led to developing BL 

gasification as an alternative to combustion.

 

Figure 1 The cycle of pulping chemicals in the Kraft process. The dashed line indicates the recovery boiler that could be 

replaced by the gasifier

Initial efforts to develop BL recovery processes based on gasification had as a 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[4,5]. In the eighties BL gasification 

gained attention to increase power output by utilizing producer gas in integrated combined 

cycles. Both VTT and ABB developed and constructed pilot circulating fluidized bed gasifiers 
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operating below the melting temperature of the inorganics, while Champion together with 

Rockwell built a counter current EFG operating in slagging mode[4]. However, these 

processes were not scaled up. The two large-scale developments of BL gasification came 

from MTCI and Chemrec. MTCI process consists 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 saw the light of the day the 

largest of which was built by Georgia-Pacific in Virginia in 2004 with a capacity of 200 t/d of 

dry solids. Chemrec’s BL gasification process consists of a co-current 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 power production to green chemicals oxygen blown-gasifiers 

became the line to continue. In 2005, based on 20 years of development in BL EFG, a pilot 30 

bar oxygen-blown gasifier was brought into operation in Piteå (Sweden). The reactor has 

operated close to 28,000 h during the last 10 years has and thus contributed the maturation of

the BL gasification technology. Since 2011, syngas is further upgraded into dimethyl ether 

(DME) demonstrating that the full BL gasification concept for chemical production is feasible 

[6,7]. Lately research on black liquor gasification has focused on the possibility of blending it 

with other types of fuel to combine the positive effects of Black liquor’s and those of high 

energy fuels. Co-gasification of BL with coal [8,9], petroleum coke[9], pulp sludge[10] and 

solid types of biomass[11] have been studied. The results show catalytic activity of BL in the

fuel mixtures in all cases but the degree varied depending on the fraction of BL and the 

contact between BL and the added fuel. From an operational point of view, homogenous 

liquid blends are preferable in EFG. Therefore, more recently, co-gasification of BL and 

pyrolysis oil (PO) has been evaluated economically[12,13]. The results showed that for small 

pulping plants blending BL and PO offered benefits compared to gasification of pure BL.
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3. Theory and literature survey

3.1 Overview of fuel conversion

Biomass gasification involves phenomena at reactor, particle and molecular scales. On

the particle level, fuel conversion consists of several chain stages: Drying, devolatilization

(followed by volatiles oxidation) and char conversion. In large particles these steps may 

overlap.

Figure 2 Fuel conversion steps for the particular case of a black liquor droplet

Devolatilization is a chemical phenomenon in which volatile species are realised from 

solid particles through pyrolysis reactions. Pyrolysis is a thermally driven rearrangement of 

molecular structures including cleavage reactions, release of function groups and cross-

linking reactions. Pyrolysis reactions can proceed without external reactants, i.e. in inert 

environment. They produce permanent gas, volatiles (tar) and char. For a given fuel, the 

distribution of the products strongly depends on the heating rate and temperature. Slow 

heating rates tend to yield more char while faster heating rates or flash pyrolysis maximize the 

amount of volatiles[14,15] Similarly high temperature reduces the char yield [16,17]. The 

devolatilization rate is typically determined by heat transfer as pyrolysis reactions rates are 

very high. In presence of O2 devolatilization is accompanied by volatiles oxidation. In many 

fuels, including BL, PO and coal, devolatilization is associated with swelling. During 

devolatilization, the released gases create incipient hollows or bubbles on the somewhat 

plastic particle transiting into char[18]; these cavities progressively grow and merge with each 

other eventually leaving a cenosphere-like structure which is moderately bigger than the 

original fuel particle [15,19].
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Char conversion refers to the heterogeneous reactions between the solid char left after 

devolatilization and the oxidising agents. As discussed later, char gasification can be affected 

by mass diffusion, catalytic activity of inorganic compounds, reactive surface area etc. The 

main char gasification reactions are:

+ 2 (1)+ + (2)+ (3)

3.2 Char conversion

Char conversion is typically the rate limiting step for biomass conversion. Good char 

conversion promotes high cold gas efficiencies. In the case of BL, complete char conversion 

is extremely important also for an efficient recovery of the pulping chemicals. In practise char 

conversion is governed by gasifier design (residence time), gasifier operation (oxygen to fuel 

ratio) and char properties. The apparent conversion rate is the visible rate of char conversion. 

The rate of apparent conversion is determined by the combination in series of the phenomena 

that oppose resistance to gasification, e.g. energy of activation of chemical reaction and mass 

transfer limitations of products and reactants to and from the reaction sites. In general, the 

chemical reaction rate is more sensitive to temperature than mass transfer phenomena. That 

derives in that the apparent rate of char gasification has distinct control regimes as shown in 

Fig. 3. At low temperatures, char gasification rate is typically controlled by the chemical

reaction; hence it is referred as the chemical control regime, or regime I. As temperature 

increases, the reaction rate increases exponentially with temperature and therefore mass 

transfer become relatively important for the overall char gasification. Thus, at intermediate 

temperature range, overall rate of char gasification is mainly governed by diffusion of 

gasifying agents through pores inside the particle (pore diffusion regime, or regime II). At 

very high temperature, gas diffusion through the gas boundary layer becomes the rate limiting 

step (film diffusion regime, or regime III). 
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Figure 3: Illustration of the different rate controlling regimes in char gasification.

The reactivity of char is in part determined by devolatilization conditions such as 

heating rate, pressure and temperature. Generally, low temperature, high heating rate and 

lower pressures tend to form more reactive chars[20,21]. The nature of the fuel and specially 

the presence of a catalyst are the factor governing the rate of chemical reaction. Thus some 

chars can be many orders of magnitude more reactive than others as illustrated by the 

Arrhenius plot in Fig. 4.

Figure 4 Intrinsic char reactivity of different fuels (paper A) [22]. BL is considerably more reactive than most fuels 

due to the catalytic activity of alkali compounds.
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Taylor and Neville [23] provided in 1921 one of the first explanations of the catalytic 

activity of alkali compounds. They attributed the catalytic activity in C+CO2 and C+H2O

reactions to the enhanced adsorption of CO2 in the char surface due to carbonates  Mims and 

Pabst [24]specified that alkali metals increased the number of active carbon sites by forming 

surface-salt complexes. In 1931, Fox and White pioneered a reduction-oxidation (RedOx)

cycle of alkali carbonate as the engine for oxygen transfer into the carbon[25]. Several authors 

have studied the reduction-oxidation cycle, most notably, McKee [26,27], Kapteijn et al[28]

and Sams et al[29]. On the other hand, Mejer together with Kateijn and Moulijn proposed 

another mechanism [30]. It assumed that the alkali compound itself does not react, but 

provides free active sites, oxidized sites and chemisorbed sites on alkali catalyst.

Several studies have indicated that the catalytic activity of alkali saturates in the range 

0.05-0.012 mol Alkali/mol C [23,24,31,32]. Whitty also reported a saturation threshold of 0.1 

mol Na/mol C in a synthetic BL [33]. Yet, excessive amount of alkali with other ash forming 

elements (e.g. Si, Al) at temperatures above the melting point might form a smelt layer around 

the carbon particles, limiting the diffusion of reactive gases[34]. Li and Van Heinigen [35]

reasoned that high temperature had two opposite effects on catalysed BL gasification: on the 

one hand, high temperature enhanced the loss of catalyst from char particles, potentially 

decreasing catalytic activity. On the other hand, high temperatures tend to increase char 

surface areas and thus reactivity. Sams also recognized the challenge of alkali loss by 

evaporation[36]. A number of studies were performed to study sodium release during BL

pyrolysis and combustion [35,37–40]. The reported results showed that sodium release varied

between less than 1 % to as much as 30-40%. The disparity of results among literature is 

mainly due to the variety of environments studied. Generally, high temperature, low pressure 

and strongly reducing environments greatly 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 

BL and PO blends. This gives rise to the research questions articulated previously:

Is char reactivity (rate limiting step in fuel conversion) influenced 

by adding PO into BL? Can BL/PO blends achieve full carbon conversion?

What is the fate of alkali elements at high temperature (>1000 

°C)? Is alkali still available for catalytic activity in alkali-diluted fuels?
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3.3 Tar and soot formation

Tar is one of the biggest technical challenges of biomass gasification. Condensation of 

tar leads to fouling and plugging of critical surfaces (valves, tubes, sensors, catalyst…) and is 

very problematic for prolonged downstream activity. Different specifications for tar 

concentrations have been reported for different syngas application[41]. In general, tar 

concentration in the syngas should be kept below 100 mg/nm3. 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 cold gas efficiency, and risk of bed agglomeration in 

fluidized bed gasification. Gasifier operation is therefore a classic case of an optimization

problem: The goal is to maximize energetic efficiency while keeping tar low enough. Tar 

quantities also strongly vary between different gasifier designs[41]. Generally, tar is 

minimized when the flows of fuel and gas are concurrent.

Tars (volatiles) inevitably appear during the devolatilization stage; at this point they 

are often referred as “primary tars”. Formation of primary tars starts at temperatures as low as 

250- 300 °C when the hemicellulose fraction of wood starts to depolymerize and sugar 

monomers are released when the glycogen bound is broken and replaced by OH radicals. 

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

Lignin decomposition range is very wide (300-700 °C) given its varied molecular architecture 

and therefore variety in bond strengths. Primary tars are wide mixture of organic compounds, 

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

hydroxypropanone, methanol, acetaldehyde etc. Extensive characterization of primary tars 

can be found elsewhere [42,43]. As gasification proceeds primary tars undergo secondary

reactions to form secondary and tertiary tars, soot and permanent gases [19,42,44]. Secondary 

reaction such as cracking, re-polymerization or partial oxidation may take place in the gas 

phase or at the surface of char particles which act as a catalyst[45]. Simultaneously with tar 

cracking reactions, repolymerization results in the growth of aromatic compounds into larger 

polycyclic aromatic hydrocarbons (PAH) [19] with increasing degree of tar matureness 

(longer residence times and high temperatures). Several models accounting for all this 

phenomena have been developed and to some extent validated, we can highlight that by 

Fuentes-Cano et al. [46], this model assumed the amount of primary tars from empirical 

correlations while secondary reaction were based on the kinetics of 4 model tar classes.
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Soot is a common problem in combustion science. Fuel-rich high temperature flames 

such as those in EFG are fertile environments for soot formation. Typically in biomass 

gasifiers soot yield is maximum around 1200 °C. Soot formation is a final step of tar 

repolymerization producing carbon rich particles from PAH. Soot inception is believed to 

occur when two or more PAH molecules form three-dimensional structure by van der Waals 

forces. Soot particles exhibit higher degrees of matureness at increasing temperature and 

residence time. Saggesse et al [47] proposed a model for soot formation that consisted of six 

groups of reactions: 1- H-abstraction and C-addition (HACA), 2- soot inception, 3-surface 

growth, 4-dehydrogentaion 5- coalescence and aggregation and 6- soot oxidation.

Alkali compounds are known to reduce tar. Recent publications indicated that 

potassium was active in reducing tar both when alkali was fed together with the fuel and when 

it was found impregnating a char bed[48]. On a different study[49] potassium chloride

addition into a reference flame was found to decrease soot volume in the flame, surprisingly 

sodium chloride had practically no effect. Alkali metals have also been reported to have soot 

oxidizing roles in diesel engine applications [50–52]. However, because alkali elements are

detrimental for the stability of the bed in fluidized bed gasifiers little work is available on the 

issue and it is not clear if reducing the amount of alkali in the fuel by adding PO in BL may 

lead to larger amounts of tar and soot. This gives rise to the last research question:

How does the addition of PO affect gasification with respect to 

impurities in the syngas (tar and soot)?

3.4 Methane 

If producer gas is used for synthesis of liquid fuels then methane is undesirable as it 

removes some of the energy content from the valuable products. Methane originates from 

pyrolysis reactions, most notably from cleavage of methyl groups. Once released, methane 

reacts with rector’s environment (Equations 4 and 5 or any linear combination of these and 

other reactions) although the reactions hardly progress at the temperature below 1200 °C[53]

as they are strongly limited by kinetics.+ 3 + (4)2 + (5)
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Industrial applications, such as steam reform of natural gas, use nickel-based catalyst.

However, in a gasifier it is not feasible to use commercial catalysts; therefore methane 

concentration strongly correlates with process temperature, which is difficult to measure.

Hence methane is often used as the feedback reading for gasifier operation. It is important to 

determine whether modifying fuel composition by adding PO in BL affects methane or not.
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4. Material and methods

Three different atmospheric devices, shown in Fig. 5, were utilized in this thesis: an 

isothermal thermogravimetric analyser (TGA), a single droplet reactor (SDR) and a laminar 

drop tube furnace (DTF). An overview of the experimental methods is presented in this 

chapter while the detailed methods can be found in appended papers. Each device was used to 

investigate specific aspects of fuel conversion process. Table 1 summarizes the experiment 

conditions and main aspects studied by each experimental device.

Table 1 Conditions and possibilities offered by the different devices used in this work

TGA SDR DTF

T (°C) 720-860 1150 800-1400

Heating rate Medium (~10-102 K/s) High (~104 K/s) High (~103 K/s)

Residence time (s) 100-2000 2-10 3-14

Gas phase N2/CO2 Methane/ air flame N2/CO2

Samples BL, BP20,BP30,PO BL, BP20,BP30,PO BL, BP20,BP40, pine wood

Sample form Char Droplet Dry solids

Main advantages Controlled environment

Time-resolved kinetic data

Representative of EFG

Optical access

Controlled environment

Analyses of all product streams

Main study aspects Intrinsic char reactivity Devolatilization time

Char conversion time

Swelling

Gas products

Tar and soot

Char yield

Carbon conversion

Alkali fate

Elemental mass balances

Swelling
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Figure 5 The different devices utilized in this thesis. a) SDR; b) TGA; c) DTF 

 

4.1. Sample preparation 

Several blends of BL and PO were investigated. They are denoted by the amount of 

PO in the mixture. (e.g BP20 contains 20% PO and 80% of BL in wet mass basis). The 

different experimental devices that were used required the samples to be in different forms 

and thus different preparation procedures ensued mixing. In the TGA the blends were 

pyrolysed (8 minutes at T= 540 °C and under 101.3 kPa of CO2 ), ground and sieved to select 

the 200- In the single droplet reactor experiments liquid droplet were used 

and thus no additional preparation was needed and in the DTF the liquid blends were dried 

(16 hours at T=105 °C), ground and sieved to select the 90-200 -

fractions. Figure 6 shows the shape and morphology of the dry solids used in the DTF

experiments, the images visualize the presence of precipitated inorganics widespread over the 

fuel particles. In the campaign in the DTF pine wood was used as a reference for comparison.
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Figure 6 SEM images of BL dry solids as they were used in the DTF experiments.

 

4.2. Experimental procedure 

4.2.1. Thermogravimetric analyser (TGA)

TGA (Fig. 5b) was used to measure intrinsic rate of char gasification under various 

conditions. This experimental equipment can minimize the effect of physical processes, and 

let the comparison of intrinsic reactivity between different samples. Gasification experiments 

were performed at four temperature levels (720, 770, 820, and 860 °C) and seven CO2 

volume fractions (0-100vol.% CO2 in N2 at a total pressure of 101.3kPa). Once the sample 

was introduced in the reactor, temporary mass was recorded every two seconds. The data was 

processed to calculate char conversion rate as a function of time (and implicitly as a function 

of conversion). The detailed experimental and modelling procedures are available in Paper A.

4.2.2. Single droplet reactor (SSR)

The purpose of this campaign was to find the most critical process for fuel conversion 

including chemical (devolatilization and char gasification) and physical (swelling and heat 

and mass transfer) processes. Experiments were carried out at temperatures, heating rates and 

environments more representative of actual gasifiers than previously studied in the TGA. The 

reactor’s conditions (temperature and surrounding gas composition) were determined by the 
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combustion of air/methane mixtures at 3 excess air ratios . Once the 

fuel droplet was inserted into the reactor the evolution of particle was recorded with a high 

speed camera, an example of the recorded images is shown in Fig. 7. The images were 

processed to calculate particle size evolution with time. It provided information about 

characteristic times of pyrolysis and char conversion, as well as the swelling ratio. Further 

details are available in Paper A.

Figure 7 Example of the conversion of a BL fuel droplet in the single droplet reactor (SDR)

 

4.2.3. Drop tube furnace (DTF)

A DTF (Fig. 5c) offered the possibility to collect and study all the product streams 

from gasification, not only the solid but also gas and tar. Additionally, this device allowed us 

to reach higher temperatures, which are more relevant to EFG while having complete control 

of the reaction atmosphere. The conditions evaluated were four temperatures levels (800-1400

°C), two gas atmospheres (5vol.% CO2 and 0vol.% CO2 balanced with N2), two particle size 

(90-200 and 500-630 μm) and three fuel blends (BL, BP20 and BP40). Additionally, pine 

wood was used as a reference of non-catalytic gasification.

Sample was fed to the reactor tube from the top, and experienced heating, 

devolatilization, and char gasification while passing through the reactor. The gasification 
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residue (char and ash) would fall into the char bin and collected for chemical analysis.

Gasification residues are representative of the state of the converting particles at certain 

residence time. Small solids entrained in the flow were then filtered off first by a cyclone and 

then by a glass filter. The condensable components were collected in an alcohol solvent kept 

at -50 °C. Eventually, a microGC measured gas species every 140 seconds. Experiments 

under inert conditions resulted in reactive gasification residues, due to the presence of 

elemental Na and K, which would spontaneously oxidize if exposed to air. To avoid that, at

the end of each run CO2 was passed through the char to transform elemental alkali into 

carbonates (Eq. 6). The gasification residues were weighted before and after stabilization to 

be able to recalculate the yield and composition of the reactive gasification residue.

+ + (6)

In the experiments performed in the DTF, solid residues and condensables were 

further analysed. Solid residues collected in the char bin were sent for ultimate analyses 

(C/H/N/S/O), total organic carbon (TOC) and metal analysis (Na/K). SEM imaging was 

performed for dry solid fuel samples as well as solid residues in char bin and filters. Tar in 

alcohol solvents was analysed with GC-MS and/or GC-FID. Further details concerning the 

experimental and analytical methods used for DTF experiments are available in the appended 

papers B and C.
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5. Results and discussion
Identifying the fate of carbon is a good experimental practise and the closure of carbon 

balances can be a good indication of the accuracy of the results. Average carbon closure in the 

experiments performed in the DTF was 97.5% with some deviation around this value, as 

illustrated in Fig. 8. This indicates that there were no systematic carbon losses and therefore it

may be possible to make reliable conclusions based on this data. The largest source of 

experimental uncertainty was the carbon input by the net consumption of carbon dioxide (a

difference between streams significantly larger than the rest of the streams), as this measure 

reflected and multiplied the magnitude of any experimental imprecision in measuring CO2.

 

Figure 8 Carbon distribution between gas (CO,CH4, C2H2,C2H4,C2H6) tar and solid residue (gasification residues+ filter 

material). Carbon input = carbon in fuel + carbon in CO2 consumed by gasification (net difference between the flows of 

CO2 in and out of the reactor)
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5.1. Gas 

Gas production data is only available for the DTF experiments, since gas composition 

was not measured in the other experimental set-ups. Figure 9 shows a comparison of gas 

yields from experimental data with the equilibrium calculation for BL. The experimental CO 

and H2 yields were below equilibrium under inert conditions due to the incomplete conversion 

of carbon and to the presence of non-equilibrium hydrocarbons (tars). In presence of CO2,

experimental results were closer to equilibrium than under inert conditions except at T= 800 

°C. In general, experimental values were relatively near equilibrium at T=1000 °C.

 

Figure 9 Experimental (markers) and equilibrium (lines) values of the main gas products in oxidizing conditions (a) and in 

inert conditions (b). Results are normalized to the mass of fuel fed. 

The experimental syngas yield (combined volume of CO +H2 per gram of fuel) may be 

viewed as an indicator of the gasifier performance. Syngas yield in oxidizing environments 

(5% CO2) is presented for all samples in Figure 10. Blending PO into BL significantly 

increased syngas yield mainly because of the decrease of ash content in the fuel. The syngas 

yield on ash free basis was practically the same for any PO/BL blend as long as alkali 

concentration and/or temperature were enough to guarantee the same carbon conversion.
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Figure 10  Combined yields of H2 and CO for the different samples. Gas environment 5 %CO2 

The strong decrease of methane (Fig. 11) with temperature can be attributed to a rise 

in the rate of methane reforming reactions. Note that in the experiments with 5 %CO2 a

noticeable amount of water was also present due to the water gas shift reaction (WGR) as 

illustrated in Fig. 9. Two interesting observations can be drawn from Fig. 11. On one hand,

large particles resulted in higher concentrations of methane than smaller ones at T=800 °C, 

possibly due to slower heating rate. Yet at T=1000 °C, larger particles resulted in less 

methane than smaller ones. That could be explained on the basis that large particles preserved 

char integrity at all temperatures, as opposed to small particles which complete carbon 

conversion at T= 1000 °C (see the char conversion section), and char surfaces are known to 

have a catalytic role in reform reactions of methane[54]. On the other hand pure BL resulted

in less methane than alkali lean samples: BP20, BP40 and specially pine wood. The difference 

was biggest for larger particles. That could be related with the role of alkali in promoting coke 

oxidation [55] thereby avoiding the deactivation of the char by coke deposition. The 

combined results agreed with one study [54] that showed that methane reforming rate with 

CO2 was affected as follows: Na-doped char> char>non-catalytic.
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Figure 11: Concentration of methane in the syngas (combined CO+H2). Gas environment 5 %CO2

5.2. Char morphology and swelling  

Figure 12 shows the SEM images of gasification residues. Residues obtained at the 

T=800 °C (Fig. 12 a-c) illustrates that the surface of the particles is composed of multiple 

polygonal- shaped blocks. This structure is shaped during devolatilization when the 

expanding gases create incipient hollows or bubbles on the somewhat plastic particle 

transiting into char[18]. In presence of CO2 the structure is less well preserved. No large 

differences are seen between BL and BP20. In presence of CO2 (12a-b) both show similar 

crystal-like depositions on the surface. These depositions are related to the re-oxidation of 

elemental alkali with CO2 and therefore were not observed under 100 vol.% N2 (Fig. 12c).

Instead, Fig. 12c shows numerous small white dots evenly distributed across the surface. We 

believe that they are related to the stabilization process of the elemental alkali with CO2 at the 

end of the experiments. Figure 12d corresponds to the residue from larger fuel particles (500-

630 μm). Larger particles stayed shorter times in the reactor. Combined with stronger mass 

diffusion limitations, these particles exited the furnace at lower conversion states. Differences 

in heating rate caused larger particles to swell much more than smaller ones, stretching the 

surface differently than for the smaller particles. On the other side, large particles show a 

more evenly distributed presence of inorganic on the surface than the smaller ones.

Figure 12e illustrates the equivalent of 12c but at T=1400 °C. This particle is in a more 

advanced stage of conversion. Similarly, Fig. 12f is the equivalent of Fig.12d at T=1400 °C.

At such high temperature re-oxidation of elemental alkali with CO2 was not 

thermodynamically possible and therefore there are no signs of crystal- shaped depositions.
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Figure 12. Morphologies of partilces that were sampled in the char bin. Each partilce has been shown for 3 different 

magnifications. The s  SEM specifcations can bee seen 

on the bottom of each image.  
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Table 2: Swelling measured as for experiments at 800°C 

Sample 90-200μm 500-630μm 

BL-N2 5.2 16.5 

BL-CO2 3.5 15.1 

BP20-CO2 5.9 35.3 

BP40-CO2 5.8 30.8 

 

Swelling was studied with the SDR and with the DTF. The results presented in this 

thesis are only those obtained in the DTF since they are considered more trustful than those 

obtained in the SDR due to larger sampling number of particles and better control of the 

reactor conditions. 

Swelling ratios are presented in table 2. Swelling was considerably bigger for large 

particles than for smaller ones; The reason is in part due to the fact that small particles 

experienced moderate char conversion at T =800 °C and therefore they already experienced

some degree of shrinkage, the extent of which may be seen by a comparing the results for BL 

under N2 and CO2. BP20 and BP40 also swelled considerably more than pure BL. To some 

extent this was due to a higher content of volatile matter in the blends. Yet, the biggest reason 

is related to differences in viscosity and superficial tension between BL and the blends.

.

5.3. Char conversion

Char conversion has been studied in all the three experimental devices. The starting 

point was to study the intrinsic rate of char conversion in the TGA. Intrinsic rates of BP20 and 

BP30 chars were found to be not significantly different to those of pure BL (Fig. 13).

Conversion rates of BP20 and BP30 were higher than those expected from a linear 

interpolation between BL and PO, indicating that the catalytic effect of alkali in BL also acted 

on the PO derived part of the char. 
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Figure 13 Initial char conversion rate as a function of the amount of BL (0=pure PO, 100=pure BL). Error barrs show one 

standard deviation. 

These results were complimented with experiments with a single droplet reactor 

(SDR) at higher temperatures and heating rates. Figure 14 shows the characteristic evolution 

of droplet size as conversion proceeds. Initially the fuel particle expanded, this expansion

interval was considered as representative of the devolatilization time. It was very similar to 

that in which a flame was visible.

Figure 14: Evolution of the normalized diameter of a BL droplet during conversion in experiments performed in the SDR. 
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Neither (Fig. 15a) nor fuel composition (Fig. 15b) affected the

devolatilization times. On the other side, the droplet initial diameter was strongly correlated to 

devolatilization time since devolatilization rate was controlled by heat transfer. Char 

gasification (Fig. 15c-d) took much longer than devolatilization (Fig. 15a-b) evidencing that 

char gasification was the bottle neck of the process. Gasification times between BL, BP20 and 

BP40 were similar (Fig. 15d) and much shorter than those of PO (Fig. 15c). The combined 

results agreed with the experience in the TGA which indicated that char reactivity from BL 

and PO blends was similar to that of pure BL and much higher than those of PO.

Figure 15 d) is a Y-axis 

zoomed version of c)

 

The amount of unconverted carbon (UC) in the gasification residues was investigated 

in the DTF. The results are summarized in Fig. 16. UC was calculated as a ratio between the 

total organic carbon in the residue and that in the original fuel as described in Eq. 5

= 100   (5) 
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The results clearly indicated that higher additions of PO reduced the quantity of 

unconverted carbon at any temperature for both particles sizes. Conversion of large particles 

was strongly limited by mass transfer and residence time. While the amount of unconverted 

carbon was very small at T= 1200 °C, visual inspection evidenced that full carbon conversion 

was never reached.  

 

Figure 16: Unconverted carbon (UC) in the solid residue calculated as =  . Environment 5% CO2 

5.4. Tar

Similarly to gas composition, tar formation was only studied in the DTF experiments. 

Figure 17 shows tar concentration of different fuels at various conditions. BL based fuels 

yielded much less tar than pine wood at all temperatures studied. The difference was already 

noticeable at T=800 °C indicating that the tar suppressing role of alkali takes place at the early 

stage of tar evolution. The importance of CO2 (and or H2O) in tar reforming reactions can be 

identified by comparing the faster decline of tar for the experiments with CO2 to that for the 

experiments with inert conditions. BP20 and BP40 resulted in much lower tar yields than BL. 

Indeed there is a factor of 100 between the results of BP40 and BL. The difference was 

observed only at favorable reaction conditions revealing that the difference was related to the 

kinetics of tar reforming reactions with CO2. Further work should be carried out to better 

understand the causes of such noticeable reduction of tar.
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Figure 17 Tar amount normalized to the amount of syngas generated (CO+H2)

 

5.5. Alkali fate

Release of alkali was found to be more severe and start at a lower temperature under 

inert environments than in presence of CO2. Equilibrium composition could be used to predict 

the tendency of alkali release. However, in absolute terms vaporization of alkali was under 

predicted by equilibrium as shown in Fig. 18. The reason is that the local environment in 

which alkali elements were found (inside carbon rich particles) was much more reducing than 

over the average reactor and strongly reducing environments alkali vaporization can proceed 

through carbonate reduction with carbon (Eq.7).

+ 2 2 ( ) + 3 (7)

Carbonate reduction is thermodynamically more favourable for K than for Na. This 

might explain the higher discrepancy between experiments and equilibrium for potassium 

than for sodium as well as the larger vaporization of potassium. Another factor contributing to 

the last observation is that potassium compounds have generally higher vapour pressures than 

the sodium analogues. Note also that quantification of alkali retention (specially K) under 

inert conditions was technically challenging given the presence of elemental alkali on the 

surface of the residue.
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Figure 18 Sodium remaining in the solids as a percentage of the sodium content in the fuel. Experimental (markers) and 

equilibrium (lines).

 

Figure 19: Sodium remaining in the solids as a percentage of the sodium content in the fuel for all the blends. 

Environment 5% CO2

 

Figure 20 Combined potassium and sodium mass concentration in the residue. Environment 5% CO2
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Retention of alkali (Fig. 19) was slightly smaller for BP20 and BP40 than for pure BL. 

These measurements are, however, heavily influenced by the yield of residues. Figure 20

presents the mass concentration of alkali in the solid residues. Concentration of alkali was 

found to be relatively insensitive to temperature variations, except for large particles at T=800 

°C due to the large presence of unconverted carbon. For all the samples investigated the 

concentration of alkali remained high and well above the value in the original fuels. These 

results indicated that blending PO into BL did not lead to alkali depletion. On the contrary, at 

all temperatures, fuel conversion leads to an enrichment of alkali in the fuel particles.

 

Figure 21 Distribution of major alkali compounds under 5% CO2 (8a and 8c) and under 100% N2(8b and 8d) as determined 
by thermodynamic equilibrium. The difference to 100 correponds to minor compounds. 

In the experiments performed in the DTF the amount of alkali in the gas phase, e.g. all 

the material which is not retained in the particles (Fig. 18-19) can be expressed as a 

combination of a part which is predicted by equilibrium, e.g. the combined amounts of Na,

NaOH, NaCN, shown in Fig. 21, and a non-equilibrium part in the form of elemental alkali

that arise from the reduction of carbonates inside char particles. This elemental alkali above 

equilibrium reacted back to carbonate as soon as it came in contact with the reactor 

environment. Part of these carbonates deposited on the surface of the particles, especially near 
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openings in the char surface, the rest of it remained entrained in the flow and eventually 

deposited in the filter. On the other side, elemental gas alkali in equilibrium (not much below 

1200 °C) had two different destinies: Part of it reacted with the reactor wall (Al2O3) forming 

sodium and potassium aluminates. This phenomenon removed substantial amounts of alkali 

from the system (see appended paper B).The rest of the elemental alkali remaining in the gas 

and reacted with CO2 downstream once the flow cooled below 1000 °C. This reaction would 

consume CO2 and produce CO and carbonate aerosols which would deposit on the filter. Both

alkali interaction with alumina and downstream reactions between alkali and CO2 generated 

CO which was measured in the experiments but not reflected by the equilibrium composition.
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6. Conclusions and future work
 

The purpose of this work was to investigate the behaviour of BL and PO blends during 

gasification to identify critical chemical or physical process that limits technical feasibility. 

The detailed study at laboratory scale reactors was intended to compliment the experience of 

co-gasification conducted in a pilot gasifier. The work also aimed to fill the research gap 

existing on BL gasification at high temperature with special focus on the fate of alkali species 

and its consequence on fuel conversion (char, tar and soot).

Addition up to 30% of PO in BL did not reduce the intrinsic reactivity of the char. This 

seemed to hold at high temperature as the characteristic conversion times of pure BL droplets 

were similar to those of the blends while drop tube experiments showed that carbon 

conversion of the blends was higher than that of pure BL. Furthermore, the addition of PO in

BL increased swelling, probably due to changes in the physical properties of the particles.

All the BL based fuels showed much lower concentration of tar in syngas than pine 

wood used as a reference. This difference was attributed to alkali compounds. However it is 

not yet understood if it is due to a reduction in tar formation during pyrolysis or due to an 

enhanced rate of tar reforming reactions. Remarkably, blending PO in BL further promoted 

tar reforming under CO2 atmospheres.

Alkali release was found to be more severe under inert conditions than under the 

presence of CO2. Indeed, CO2 reacted with released alkali forming carbonate that deposited 

back on the particles. Thermodynamic equilibrium captured the trend of alkali release to the 

gas phase, however it under-predicted the absolute value as it did not reflect carbonate 

reduction happening at a particle scale. The experiments showed that the concentration of 

alkali in the particles remained as high as 30-35% and insensitive to temperature and to the 

amount of PO in the blend.

The combined results indicated that co-gasification of BL and PO is not only technically 

feasible with the current BLG technology but also beneficial regarding carbon conversion, 

syngas yield and tar reduction. At the same time concerns about depletion of alkali elements 

were shown to be irrelevant due to the excess amount of alkali compounds always present in 
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the char particles. The incomplete conversion of larger particles (500-630 μm) highlighted the 

necessity of good atomization for practical applications. The experience opens the door to 

study other types of alkali-catalysed biomass gasification.

An interesting finding in this work was the reduction of tar in BL gasification by the 

addition of PO. To better understand the reasons further work is required. Experiments 

considering different residence times, notably shorter than those presented here, need to be 

conducted to investigate the chain of phenomena that eventually lead to the lower amount of 

tar.
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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 Kraftlinermill

(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

b i om a s s a n d b i o e n e r g y 7 9 ( 2 0 1 5 ) 1 5 5e1 6 5156



(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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Abstract

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 gasification process may improve by mixing BL with more rich energy 

fuels 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 under different environments 

(5% and 0% vol. CO2 balanced with N2), varying temperature (800-1400 °C), particle size 
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(90-200μm, 500-630μm) and blending ratio (0%, 20% and 40% of pyrolysis oil in black 

liquor). 

Alkali release to the gas phase was more severe under inert conditions than in presence 

of CO2 but also in 5% CO2 most of the alkali was found in the gas phase at T=1200 °C and 

above. Thermodynamic analysis qualitatively agreed with experimental measurements but in 

absolute values equilibrium under predicted alkali release. However, the concentration of 

alkali in the solid residue remained above 30% wt. and was insensitive to temperature 

variations. The fuel blend had practically no effect on the concentration of alkali left on the 

particles. Thermodynamic analysis and experimental mass balances indicated that elemental 

alkali strongly interacted with the reactor’s walls.

Keywords: black liquor; pyrolysis oil; gasification; syngas; alkali catalyst

1. Introduction

Gasification is attractive to upgrade biomass into green transportation fuels and 

chemicals. However, most gasification technologies results in 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 than other technologies. The higher syngas quality comes 

at the price of having to feed the fuel in a pulverized or liquid 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 Tomlinson recovery boilers is a well-established process to recycle 
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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 significant research interest [1–6]. Initially, the main commercial interest in the 

technology was for heat and power production but during the last 20 years focus has changed 

to production of fuels and chemicals [7–9]. 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) [10]. This can be compared to the 1200-1500 °C which is typically required for 

EFG of other types of biomass [11–15]. The pilot scale BLG plant has accumulated more than

25,000 operating hours and has demonstrated syngas upgrading to transportation fuels [16].

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 [17–19]. Taylor 

and Neville [20] 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 into the fuel due to carbonates. Fox and White [21] later 

proposed an reduction-oxidation (RedOx) cycle of alkali carbonate as the engine for oxygen 

transfer into carbon. Several studies were carried out on the RedOx cycle, most notably 

McKee [22,23], Kapteijn et al [24] and Sams and Shadman [25]. Some authors also suggested 

other types of mechanisms. For example, Franke and Meraikib[26] proposed that sodium 

acted as an electron donor to the graphite lattice, Mims and Pabst [27] proposed that alkali 

species increased the number of carbon active sites by forming surface-salt complexes and 

Mejer et al. [28] proposed a model with active sites, oxidized sites and chemisorbed CO2.

Several studies have indicated that the catalytic activity of alkali on char gasification 

increases with the alkali-to-carbon ratio, but saturates around 0.05-0.012 mol mol-1 alkali to 
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carbon [20,27,29,30]. Whitty also reported a saturation threshold of 0.1 mol mol-1 of Na/C in 

a synthetic BL char [31]. Above this limit additional alkali can also be disadvantageous due to 

pore blocking by inorganics deposits. 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. The excess alkali content leads to an energy penalty in the form of 

thermal ballast, which can be significant due to the relatively high gasification temperature. 

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 [32,33], petroleum coke [33], pulp sludge

[34] and solid types of biomass [35] have been studied. The results showed catalytic activity 

in all cases but the degree varied depending on the fraction of BL and the quality of the 

contact between fuels. From an operational point of view, homogenous liquid blends are 

preferable in EFG. More recently, a techno economic study[36] showed that co-gasification of 

BL and pyrolysis oil (PO) might be beneficial for small pulping mills. And a TGA study [37]

concluded that char reactivity of BL/PO mixtures remained as high as that of pure BL up to

30% of PO addition. However, the study was based on experiments at low temperatures (720-

860 °C). At higher temperature vaporization of alkali components can reduce the amount of 

alkali available as a catalyst [38]. Numerous studies have investigated sodium release in 

BL[2,39–42]. The results reported vary between less than 1 % to as much as 30-40%. The 

disparity of results is mainly due to the variety of environments studied. Generally, high 

temperature, low pressure and strongly reducing environments 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.
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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 [43]. 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 present how alkali vaporization and fate are affected by 

temperature, atmosphere, and fuel properties (blending ratio and initial particle size). Part II

[44] 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 samples 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) in the form of solid particles. 

VTT pyrolysis pilot plant (Espoo, Finland).  

BP20 was prepared by adding 80 g of PO into 320 g of BL, followed by 20 minutes of 

mixing (model: VELP Scientifica Overhead Stirrer LS). The fuels were pre-heated to 60 °C to 

ease mixing. BP40 would have reached a pH below what is needed to keep lignin dissolved. 

To avoid lignin precipitation extra sodium 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

160g of PO. Mixing was performed analogously to BP20. The mixtures were then 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. Eventually, the dried fuels were grinded and sieved into 

2 different sieve sizes: one fraction between 90 and 200μm and the other between 500 and 

630μm. Table 1 shows the properties of the prepared solid samples. 
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Table 1 Fuel propoerties and composition of the dry solids samples and their original fuels

BL BL BL BP20 BP20 BP40 BP40 PO
Sieve size, μm liquid 90-200 500-630 90-200 500-630 90-200 500-630 liquid

Moisture, wt.%  24.4 n.a. n.a. n.a. n.a. n.a. n.a. 26.8 
Volatiles wt.% a,  n.a. 30.0 n.a. 37.0 n.a. 41.0 n.a. n.a. 
Ash content, wt.%  39.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
HHV, MJ/kg, w.b. 12.9 13.2 13.3 15.3 15.6 17.1 17.2 23.4 

C, wt.%, d.b. 30.7 30.9 31.5 35.7 38.5 42.1 41.6 55.4 
H, wt.%, d.b. 3.70 3.73 3.73 4.10 4.19 4.20 4.30 6.60 
N, wt.%, d.b. 0.07 0.12 0.12 0.15 0.17 0.14 0.15 0.14 
S, wt.%, d.b. 4.30 5.84 5.91 4.10 3.89 3.38 3.29 n.a. 
Cl, wt.%, d.b. 0.19 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
K, wt.%, d.b. 3.12 2.66 3.11 2.36 2.17 1.64 1.77 n.a. 
Na, wt.%, d.b. 20.6 17.5 17.8 14.7 15.0 13.1 13.3 n.a. 
O (diff.), wt%, d.b. 35.9 39.1  37.7  38.8  36.0  35.3   35.5 37.9 

a: The volatile content was measured at 540 °C under 100% CO2 for 8 minutes to avoid alkali vaporization

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 

(>99.95% of N2). As one of the main objectives was to investigate differences regarding alkali 

release between pure BL and BL/PO mixtures the gas environments were to selected to have 

moderate vaporization of alkali compounds. Feeding rate was kept low to minimize the 

disturbance of products gases to the reactor’s environment while high enough to quantify 

minor gases. Volume fraction of CO2 at the reactor exit was around 4.5% for the experiments 

in oxidizing environment. All the experiments were conducted in an atmospheric laminar drop 

tube furnace (DTF) shown in Fig. 1. The reactor consists of an alumina tube (internal 

diameter: 54 mm, heated length: 2.3 m) heated by 6 heating elements with independent 

temperature control. Gas flow rate into the reactor is regulated by mass flow controllers 
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(Bronkhorst: EL-FLOW series). The feeding system is based on a syringe pump placed above 

the reactor very similar to the one presented here[45]. Fuel particles fall directly into the high 

temperature zone in the reactor through a water-cooled probe. 

Experiments were performed for 25 minutes at the feeding rate of approximately 6.5 

g/h. Primary gas (160 ml/min of N2 at standard pressure and temperature) carried biomass 

particles into the reactor while a secondary gas (4.90 l/min at standard pressure and 

temperature) was concentrically supplied to set the gas composition of the reactor. 

Gasification residues (char + ashes) fell in a water-cooled char bin. Gas left the reactor 

through a heated line set to T=180 °C to avoid condensation of heavy tars. 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). Particles as small as 0.8 μm were captured by filters based 

on SEM images. Condensable compounds (tar and water) were collected by bubbling the gas 

through a cold solvent. A microGC (Agilent 490 equipped with PoraPLOT U and MolSieve 

5A columns) was used to continuously measure gas species (H2, N2, CO, CO2, CH4, C2H2,

C2H4, C2H6, C3H8, H2S, and COS) with a sampling interval of 140 sec. 
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Figure 1 Sketch of the drop tube furnace used in the experiments[46]

Larger particles (500-630μm) were not entrained in the gas flow, so they had shorter 

residence times than smaller ones. Table 2 shows all experimental conditions and its expected 

residence time calculated by a particle scale model presented elsewhere [47,48]. Data 

presented is the average of all repeats at a certain condition.
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Table 2: Matrix of experiments. It also shows experimental yields and particle residence time as 
calculated by a particle scale model for drop tube furnaces[47,48].

CO2 
(%vol) 

T (°C) Sample p.size 
(μm) Repeats H2 yield 

(nl/g fuel) 
CO yield 
(nl/g fuel) 

Solid 
yield (%) 

Residence 
time (s) 

0 800 BL  90-200  2 0.316 0.311 35.4 
0 1000 BL  90-200  2 0.308 0.333 24.7 
0 1200 BL  90-200  2 0.395 0.399 26.4 
0 1400 BL  90-200  1 0.503 0.398 21.3 
0 800 BL  500-630  1 0.178 0.072 61.1 
0 1000 BL  500-630  1 0.346 0.320 31.7 
0 1200 BL  500-630  1 0.453 0.419 25.7 
0 1400 BL  500-630  1 0.540 0.420 26.7 
0 1000 BP20  90-200  1 0.288 0.430 29.2 
0 1200 BP20  90-200  1 0.472 0.476 26.1 
0 1000 BP40  90-200  1 0.341 0.356 35.2 
0 1200 BP40  90-200  2 0.524 0.461 36.5 
5 800 BL 90-200 3 0.163 0.484 40.2 11.6 
5 1000 BL 90-200 5 0.111 0.922 32.9 10.9 
5 1200 BL 90-200 4 0.118 1.06 7.31 9.8 
5 1400 BL 90-200 2 0.0895 1.14 0.377 8.8 
5 800 BL 500-630 2 0.101 0.299 64.4 3.3 
5 1000 BL 500-630 1 0.0854 0.828 34.6 3.8 
5 1200 BL 500-630 1 0.153 1.23 8.5 4.3 
5 1400 BL 500-630 1 0.101 1.18 2.72 4.3 
5 800 BP20 90-200 3 0.171 0.669 31.8 11.9 
5 1000 BP20 90-200 5 0.105 1.11 26.2 11.1 
5 1200 BP20 90-200 3 0.119 1.18 4.61 9.9 
5 1400 BP20 90-200 3 0.127 1.17 0.193 8.9 
5 800 BP20 500-630 1 0.0914 0.403 62.5 3.6 
5 1000 BP20 500-630 1 0.116 1.19 22.6 4.2 
5 1200 BP20 500-630 1 0.114 1.44 7.54 4.7 
5 1400 BP20 500-630 1 0.142 1.64 0.859 4.6 
5 800 BP40 90-200 2 0.157 0.842 31.2 12.0 
5 1000 BP40 90-200 3 0.125 1.2 21.9 11.1 
5 1200 BP40 90-200 3 0.134 1.22 2.96 9.9 
5 1400 BP40 90-200 3 0.159 1.53 0.11 8.9 
5 800 BP40 500-630 1 0.0972 0.449 44.6 3.7 
5 1000 BP40 500-630 3 0.136 1.3 20.3 4.2 
5 1200 BP40 500-630 1 0.118 1.38 5.91 4.7 
5 1400 BP40 500-630 2 0.21 1.46 0.822 4.6 

2.3 Char collection and analyses methods

Solid residues collected in the char bin were sent for ultimate analyses (C/H/N/S/O),

total organic carbon (TOC) and metal analysis (Na/K) at Mikroanalytisches Laboratorium, 

University of Vienna, Austria. Each analysis was conducted three times with a sample size of 
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0.75–3 mg. For TOC analysis, the inorganic carbon was digested using two doses of 20

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 ±0.3wt%. Metal analysis (Na/K) was 

performed on the samples by electrophoresis. For that, an aqueous solution of alkali was 

prepared by dissolving 2 mg sample in 100 ml of Milli-Q water/ethanol mixtures. The 

analytical response was verified to comply between 0 to 25% ethanol in water. The solution 

was optimized for a concentration between 0.01 to 0.25 mM/L (ppm level). Separation and 

detection were done using Capillary (Ion) Electrophoresis on PrinCE Crystal 310 instrument 

equipped with a TraceDec conductivity detector. The buffer solution (pH of 6.1) was 30 mM 

L-Histidine/30 mM N-Morpholino-ethane-sufonic acid with 1mM 18-6-crown ether for 

optimized separation of NH4/K. The silica capillary used in this case was of 4 cm diameter 

with 48 μm bore diameter. Across the capillary, +30 kV of potential difference resulted in 10 

to 12 μA of current which facilitated the separation and detection of Na and K. For all the

cases above, the samples were dried at T=105 °C for 30 min before analysis. Scanning 

electron microscopy on the fuel samples and residues was performed using FEI Magellan 400 

XHR-SEM (FEI Company, USA).

Solid residues collected from experiments under inert environments were reactive and 

would spontaneously combust 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 (Reaction 1) was tracked 

by measuring CO and the weight increase of the solid residue during stabilization. This 

information was used to recalculate the composition of the reactive char.
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+ + (1)

2.4 Thermochemical equilibrium calculation

Alkali loss into the gas phase come from reactions that form alkali compounds with 

relatively low boiling point (Na) or high vapour pressure (NaOH, NaCl, NaCN). Therefore 

thermodynamic calculations might be a helpful tool to investigate alkali vaporization.

Experimental results were compared and complimented with thermochemical equilibrium

calculations for the discussion. Equilibrium compositions were calculated by minimizing the 

Gibbs potential of the system (Gibbs free energy) using the commercial software “FactSage 

7.0”. We used the databases FactPS 7.0 for gases and FTPulp 7.0 for the condensates

(FTpulp-MeltA for liquid solutions and FTpulp-Hexa for solid mixtures). The conditions 

studied by thermodynamic analysis are shown in Table 3. They were chosen to have the 

experimental scenarios (fuel and gas inputs for both oxidizing and inert environments) but 

over a continuous range of temperature (T=800-1400 °C). The fuel input was also set to 

match the average value of the experiments.
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Table 3: Study cases of thermodynamic equilibrium

Pressure (kPa) T (°C) Gas phase Solid input 

101.3 800-1400 5% CO2 a 2.8g BL 

101.3 800-1400 0% CO2 2 g BL 

101.3 800-1400 5% CO2 2.8g BP20 

101.3 800-1400 0% CO2 2 g BP20 
101.3 800-1400 5% CO2 2.8g BP40 

101.3 800-1400 0% CO2 2 g BP40 

101.3 800-1400 Gas in equilibrium from BL 5%CO2 Excess Al2O3 

101.3 800-1400 Gas in equilibrium from BL 0%CO2 Excess Al2O3 

3. Results and discussion

3.1 Gas yields

Figure 2 shows experimental gas results versus equilibrium gas composition. The 

results are normalized per unit of fed fuel. Under inert conditions (Fig. 2b), both CO and H2

experimental yields were below the values predicted by equilibrium calculation. Lower gas 

yields were due to incomplete carbon conversion and multiple non-equilibrium hydrocarbons

(tars). Experimental values approached equilibrium values at higher temperatures. In presence 

of CO2 (Fig. 2a), while H2 was reasonably close to equilibrium CO was far from equilibrium 

at T=800 °C but as for inert conditions experimental values tended to approach equilibrium at 

higher temperatures. Additional CO which is not accounted by the thermodynamic 

calculations may have originated from downstream reactions between elemental alkali and 

CO2 and from carbonate interaction with tube’s walls as discussed in section 3.4. 
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Figure 2 Main gas species produced during BL gasification with 5%CO2 (a) and BL pyrolysis with 

100%N2 (b). Experiments are shown by markers and equilibrium with lines.

3.2 Distribution of alkali elements

Figure 3 shows the distribution of sodium in the experiments. In presence of CO2 the 

proportion of sodium in the solid residue strongly decreased with temperature. Sodium in the 

filter peaked at T= 1200 °C. The rest of the sodium could not be collected, such amount 

strongly increased with temperature and is referred as missing sodium. The causes of missing 

alkali will be discussed in section 3.4. Under inert conditions, part of the alkali was in the 

elemental form dispersed on the surface of the solid residues, this material is refereed as 

unstable alkali. The amount of alkali present in this form was calculated on the basis of mass

increase during char stabilization with CO2. Under N2 different behaviours were observed 
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between small and large particle. While large particles exhibited a trend somewhat similar to 

the case under CO2 with relatively small amounts of unstable alkali, smaller particle size 

yielded much larger amounts of unstable sodium, ever increasing with temperature that 

limited the extent of missing sodium.

 
Figure 3 Distribution of sodium between the different collection systems for small (b and d) and large
(a and c) particle size and under oxidizing (3a-b) and inert(3c-d ) environments.

Figure 4 shows the amount of alkali which was left in the solid residue of smaller 

particles at the exit of the reactor. This measure is often referred as alkali retention in the 

following discussion. Only the stable fraction of alkali was accounted in alkali retention 

because unstable alkali deposited on the solids only after the exit of the reactor as discussed in 

chapter 3.4. Release of alkali was found to be more severe and start at a lower temperature in

absence of an oxidizing agent, this agrees with previous observations for other alkali rich 

fuels [49]. Alkali retention in the experiments with 5% of CO2 showed qualitative agreement 

with equilibrium composition. However, in absolute terms vaporization of alkali was under 



15 
 

predicted by equilibrium calculations. The reason is that the local environment in which alkali 

elements laid (inside carbon rich particles) was much more reducing than over the average 

reactor. In strongly reducing environments alkali vaporization can proceed through carbonate 

reduction (reaction 2). Carbonate reduction is thermodynamically more favourable for K than 

for Na. This might explain the higher discrepancy between experiments and equilibrium for

potassium than for sodium as well as the larger vaporization of potassium. Another factor 

contributing to the last observation is that potassium compounds have generally higher vapour 

pressures than the sodium analogues. 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. 

+ 2 2 ( ) + 3 (2)
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Figure 4 Retention of (a) Na and (b) K in solid residues for BL 90-

Figure 5 shows the effect of mixing ratio on the retention of alkali elements under 

oxidizing condition. Retention of alkali was slightly smaller for BP20 and BP40 than for pure 

BL. Thermochemical calculations for the mixtures (see supplementary material) supported 

this observation. Experimentally, alkali retention for large particles is comparable to that of 

the smaller fraction. However it may be the result of the cancellation of two effects. On one

hand, large particles had shorter residence and therefore alkali loss had less time to proceed. 

On the other hand, the influence of local phenomena such as carbonate decomposition within 

the particles might have been more severe in larger particles. Furthermore the results for large 
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particles were less consistent that those of small particles. In all cases most of the alkali 

escaped the gas phase at T=1200 °C

 
Figure 5 Effect of sample type on alkali retention in solid residue (experimental)

Alkali retention in the gasification residue is relevant regarding elemental balances 

over the gasifier (or DTF). However, the concentration of alkali left in the solids might be a 

better measure to evaluate a potential depletion of alkali. Figure 6 shows the combined mass 

concentration of sodium and potassium in the solid residue from oxidizing conditions. The

concentration of alkali in the solid residues was found to be insensitive to temperature 

changes and well above the value in the original fuel. The concentration of alkali also seemed
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independent from the amount of PO in the fuel. These results indicate that blending PO into 

BL did not lead to alkali depletion.

 
Figure 6 Combined mass concentrations of sodium and potassium in the solid residues for small (8a) 
and large (8b) particle sizes. Dotted lines correspond to the original fuels.
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3.3 Char morphology 

 

Figure 7 Morphologies of the partilces that were collected in the char bin. Each partilce is shown for 3 

specifcarions can bee seen on the bottom of each image
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Figure 7 shows SEM images of the gasification residues collected at different 

conditions. The residues from BL and BP20 gasification at T= 800 °C and 5vol. % CO2 are 

shown in Fig. 7a and Fig. 7b respectively. These residues show similar morphologies, both 

keeping cenospheric structures and showing similar crystal-like depositions on the surface. 

Such depositions tended to form near the openings of char structure, which might act as 

channels for alkali release. These depositions may be related to the re-oxidation of elemental 

alkali as part of a redox cycle. The cycle has long been proposed as the mechanism of the 

catalytic activity of alkali on char gasification. However, if alkali salts deposit only as large 

aggregations 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 depositions were not 

observed for the residues obtained under 100 vol.% N2 (Fig. 7c) as CO2 was not available. 

Instead it shows numerous small white dots evenly distributed across the surface. We believe 

that they are related to the stabilization process of the elemental alkali with CO2 at the end of 

the experiments. Figure 7c clearly illustrates that the surface of the particles is composed of 

multiple polygonal- shaped blocks. This structure is also seen under oxidizing conditions (Fig. 

7a-b) yet not so well preserved. During devolatilization, released gases create incipient 

hollows or bubbles on the somewhat plastic particle transiting into char[1], leaving this type 

of structure as char solidifies. Figure 7d corresponds to the residue from larger fuel particles 

(500-630 μm). Larger particles stayed shorter times in the reactor. Combined with stronger 

mass diffusion limitations, larger particles exited the furnace at lower conversion states.

Differences in heating might have rate caused larger particles to swell much more than 

smaller ones[44], stretching the surface differently than for the smaller particles. On the other 

side, large particles experienced similar degree of alkali release than smaller ones but over a 

shorter time, moreover the flux of released material across the surface of the particle is 

proportional to diameter of the particle. The combined effects implied that the velocity of 
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released alkali across the surface was much higher for large particles than for smaller ones. 

We believe that this is an important phenomenon determining how much carbonate deposits 

on the surface of the particles.

Figure 7e illustrates the equivalent of 7c but at T= 1400 °C. It is evident from the 

image the effect of temperature in deteriorating the structure of the char, the particles shows 

clear signs of breakage and with high surface area. Similarly Fig. 7f is the equivalent of 7d at 

T= 1400 °C, it also shows clear signs of char breakage. At 1400 °C carbonate re-formation 

through the reaction of elemental alkali with CO2 is thermodynamically not possible and thus 

the depositions that were seen for images belonging to T= 800 °C are now not observed.

 

3.4 Fate of alkali elements

Formation of elemental alkali is the main driving force of alkali vaporization. The 

amount of alkali in the gas phase can be expressed as a combination of a part which is 

predicted by equilibrium (see Fig. 8) plus a non-equilibrium part that arise 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 environment. In presence of CO2 and T< 1200 °C that meant formation of 

carbonates around the particles. Part of this newly-formed carbonates deposited on the surface 

of the particles. The rest would remain entrained in the flow as an aerosol and eventually 

deposit in the filter. On the other hand, elemental gas alkali in equilibrium (not much below 

1200 °C) ended up in two different places. Part of the elemental alkali gases reacted with the 

reactor wall (Al2O3) forming sodium and potassium aluminates. This phenomenon removed 

substantial amounts of alkali from the system and will be discussed later. The rest of the

elemental alkali remaining in the gas would react with CO2 downstream once the flow cooled 

below 1000 °C. This reaction would consume CO2 and produce CO and carbonate aerosols 
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which would deposit on the filter. Both alkali interaction with alumina and downstream 

reactions between alkali and CO2 generated CO which was not reflected by the equilibrium 

composition of the reactor.

 

Figure 8 Distribution of major alkali compounds under 5% CO2(8a and 8c) and under 100% N2(8b 
and 8d) as determined by thermodynamic equilibrium. The difference to 100 correponds to minor 
compuonds.

In absence of CO2 alkali re-oxidation to carbonates (Eq. 1) did not occur, so elemental

alkali would remain as a gas phase until the exit of the reactor when it would condense on 

cool surfaces, especially on char residues moving along with the gas. In addition to alkali 

vaporization by the elemental alkali path, other compounds contribute to alkali vaporization 

such as NaOH, NaCl, NaCN and the potassium analogues (Fig. 8). These compounds were 

were exposed to downstream reactions with CO2 and eventually deposited on the filter. 
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Both under inert and oxidizing atmospheres, a considerable part of the alkali input was 

not collected anywhere. The fact that average carbon balance closure was 98% [44] suggested 

that there was an explanation for the loss of alkali other than poor quantification of products.

It was hypothesised that elemental alkali in the gas phase could react with the reactor wall

(Al2O3). Formation of alkali aluminates is thermodynamically favoured at low temperature 

and in oxidizing conditions. However these conditions also minimize the release of elemental 

alkali as a gas. Thermodynamic calculations accounting for the availability of alkali in the gas 

phase were performed. These calculations considered all gas species as determined by 

equilibrium of the experiments, together with excess of aluminium oxide representing the 

reactor wall. The results (Fig. 9) indicated that formation of sodium aluminate was important 

and might have accounted for the most of the missing alkali at least under oxidizing 

conditions.

 

Figure 9 Amount of sodium missing in the experiments (markers) vs. sodium in sodium aluminate as
determined by thermodynamic calculations (lines). Both figures are expressed as a percentage of the 
sodium content in the fuel.
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4. Conclusions

The purpose of the experiments was to investigate if mixing PO into BL would lead to 

a hypothetic and undesirable depletion of alkali in the converting particles at high 

temperature. Another point of interest was to determine if thermodynamic analysis could be 

useful to explain the fate of alkali.

The experiments showed that alkali release was more severe under inert conditions 

than under the presence of CO2. The presence of CO2 helped retaining 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. However, 

up to that point the concentration of alkali in the particles remained as high as 30% wt. and 

insensitive to temperature. Similarly, the amount of PO in the mixture and fuel particle size 

practically had no effect on the concentration of alkali left on the particles. Nevertheless, the

results from 90-200 and 500-630 particle sizes must be compared carefully as the 

results are implicitly 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 by the results. It was also shown that 

thermodynamics qualitatively predicted alkali vaporization in laminar entrained flow 

gasification. Yet, they must be applied with caution as thermodynamics under predicts alkali 

release due to particle scale phenomena. Additionally, the experiments highlighted the 

importance of considering the interaction between alkali species and ceramics in the design of 

gasifiers for alkali rich fuels.

To determine whether co-gasifiction of PO and BL is technically feasible further 

aspects need to be considered. Part II of the publication series extends the discussion to gas 

yield, carbon conversion, tar and soot.
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Abstract

The efficiency and flexibility of the BL gasification process may improve by mixing 

BL with more rich energy 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 atmosphere (5% and 0% CO2, balanced by

N2), temperature (800-1400 °C), particle size (90-200 μm and 500-630 μm) 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 in BL significantly increased the 

combined yield of CO and H2 and that of CH4. BL based fuels showed much lower 

concentration of tar in syngas than pine wood. Remarkably, the addition of PO in BL further 
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promoted tar reforming under CO2 atmospheres. 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.

Keywords: black liquor; pyrolysis oil; gasification; tar; catalyst; alkali metal

1. Introduction

Biomass gasification in entrained flow (EF) gasifiers generates a relatively clean gas.

Therefore, entrained flow gasification (EFG) is an attractive option for production of green 

fuels and chemicals from biomass. Black liquor gasification (BLG) is an alternative to 

combustion to recover chemicals and energy from BL which has attracted significant 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 low process 

temperatures (around 1000 °C) with high carbon conversion. Several 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 was derived from

experiments at low temperatures and/or low heating rates [1–3,7,20,21]. At higher 

temperatures, vaporization of alkali compounds may reduce the availability of alkali effective 

as a catalyst for char gasification [2,22–24]. Furthermore, the remaining alkali in the form of 

molten ashes may coat the char isolating the carbon from the oxidizing gases [25]. This study 

tries to fill in the knowledge gap regarding of alkali transformation on fuel conversion at 

typical temperatures (>1000 °C) and heating rates (103-104 °C s-1) of EFG. 

A 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 of inorganic species
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while maintaining catalytic activity [26–29]. More recently, co-gasification of BL and 

pyrolysis oil (PO) has been evaluated economically, showing potential benefit for small plants

[30,31]. This was also shown to be technically feasible with respect to char conversion albeit 

at lower temperatures than is realistic for EFG [21].

The current study aims at assessing the technical feasibility of a PO/BL co-gasification 

process at conditions relevant for commercial EFG. An experimental study was conducted for 

blends of BL and PO in a laminar drop tube furnace (DTF) under different environments (5% 

and 0% vol. CO2 balanced with N2) at varying temperature (800-1400 °C), particle size (90-

200 and 500-630 μm) and fuel mix (0, 20, and 40% of PO by weight). In part 1 of the paper 

series [32], we presented how the fate of alkali elements was affected by the reaction 

temperature, atmosphere, and fuel properties (blending ratio and initial particle size). This 

second part will address the consequences of alkali transformation and dilution due to fuel 

mixing on fuel conversion with special focus on undesired by-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 form of dry solid particles of two sizes (90-200 and 500-630 μm). Pine 

wood was also used as a reference of non-catalytic biomass gasification. Summary of the 

gasification conditions are listed in Table 1. The detailed descriptions of sample preparation 

methods, fuel properties, and experimental procedures are described in the part 1[32].
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Table 1: Matrix of experiments. It also shows experimental yields and particle residence time as 
calculated by a particle scale model for drop tube furnaces[33,34].

CO2 
(%vol) T (°C) sample size 

(μm) 

H2 yield 
(nl/g 
fuel) 

CO yield 
(nl/g 
fuel) 

solid 
yield (%) 

tar yield 
(mg/nm^3) 

unconverted 
carbon (%)  

Residence 
time (s) repeats 

5 800 BL 90-200 0.163 0.484 40.2 20300 16.90 11.6 3 

5 1000 BL 90-200 0.111 0.922 32.9 656 0.37 10.9 5 

5 1200 BL 90-200 0.118 1.06 7.31 32.7 0.20 9.8 4 

5 1400 BL 90-200 0.0895 1.14 0.377 n.a. 0.00 8.8 2 

5 800 BL 500-630 0.101 0.299 64.4 n.a. 60.10 3.3 2 

5 1000 BL 500-630 0.0854 0.828 34.6 n.a. 7.63 3.8 1 

5 1200 BL 500-630 0.153 1.23 8.50 n.a. 0.14 4.3 1 

5 1400 BL 500-630 0.101 1.18 2.72 n.a. n.a. 4.3 1 

5 800 
 

BP40 90-200 0.157 0.842 31.2 18100 7.67 12.0 2 

5 1000 BP40 90-200 0.125 1.2 21.9 11.6 0.23 11.1 3 

5 1200 BP40 90-200 0.134 1.22 2.96 n.a. 0.04 9.9 3 

5 1400 BP40 90-200 0.159 1.53 0.111 0.892 0.00 8.9 3 

5 800 BP40 500-630 0.0972 0.449 44.6 24400 29.80 3.7 1 

5 1000 BP40 500-630 0.136 1.3 20.3 445 2.51 4.2 3 

5 1200 BP40 500-630 0.118 1.38 5.91 0.101 0.36 4.7 1 

5 1400 BP40 500-630 0.21 1.46 0.822 n.a. n.a. 4.6 2 

5 800 BP20 90-200 0.171 0.669 31.8 23800 10.80 11.9 3 

5 1000 BP20 90-200 0.105 1.11 26.2 172 0.35 11.1 5 

5 1200 BP20 90-200 0.119 1.18 4.61 1.74 0.11 9.9 3 

5 1400 BP20 90-200 0.127 1.17 0.193 n.a. 0.00 8.9 3 

5 800 BP20 500-630 0.0914 0.403 62.5 n.a. 50.20 3.6 1 

5 1000 BP20 500-630 0.116 1.19 22.6 n.a. 3.22 4.2 1 

5 1200 BP20 500-630 0.114 1.44 7.54 n.a. 0.231 4.6867 1 

5 1400 BP20 500-630 0.142 1.64 0.859 n.a. n.a. 4.6458 1 

0 800 BL 90-200 0.316 0.311 35.4 13.1 2 

0 1000 BL 90-200 0.308 0.333 24.7 6.41 2 

0 1200 BL 90-200 0.395 0.399 26.4 0.03 2 

0 1400 BL 90-200 0.503 0.398 21.3 0.05 1 

0 800 BL 500-630 0.178 0.072 61.1 57.0 1 

0 1000 BL 500-630 0.346 0.320 31.7 4.67 1 

0 1200 BL 500-630 0.453 0.419 25.7 0.05 1 

0 1400 BL 500-630 0.540 0.420 26.7 2.40 1 

0 1000 BP20 90-200 0.288 0.430 29.2 5.71 1 

0 1200 BP20 90-200 0.472 0.476 26.1 0.04 1 

0 1000 BP40 90-200 0.341 0.356 35.2 69.8 1 

0 1200 BP40 90-200 0.524 0.461 36.5 0.06 2 

2.2 Tar collection and analyses methods
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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), but it was replaced by methanol for the pyrolysis

experiments (100% N2) to avoid the co-elution of the isopropanol and the benzene 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 analyses. 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). For samples from experiments at T=800 °C 

a 10:1 split ratio was used but samples with low concentration splitless injection was 

performed. 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 μm). The temperatures of both the splitless 

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 minutes and 

then to 10 °C/s until the final temperature. 

2.3 Char collection and analyses methods

Ultimate analyses (C/H/N/S/O) and total organic carbon (TOC) analysis of the solid 

residues collected in the char bin were carried out for each experiment condition (except at 

1400 °C due to insufficient amount of product) at Mikroanalytisches Laboratorium, 

University of Vienna. Details concerning CHNS analysis are available at Part I [32]. For TOC 

analysis, the inorganic carbon was digested using two d
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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 ±0.3wt%. 

Unconverted carbon (UC) was calculated from the collected solid residue as:

= 100   

Particle size of fuel and solid residues was calculated by static image analyses 

methods using the following procedure. Images each containing about 200 particles on plain 

surface were captured and then transformed into b/w images. The Matlab function,

‘bwconncomp’, was used to identify particles and calculate the area of each particle. Scanning 

electron microscopy on the 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 is to increase the cold gas efficiency 

(CGE) of BLG. CGE in a commercial gasification 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, only CO and H2 were counted as syngas, considering the application for 

chemical and fuel synthesis. The rest of measured gas species (CH4, C2H2, C2H4, C2H6, H2S, 

COS) were considered as by-products. In the experiments with oxidizing conditions (5% 

vol.CO2,) the difference between input and output CO2 was accounted as a net input.
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Figure 1 summarizes the influence of mixing ratios and particle size on syngas yield

(combined volume of H2 and CO per gram of sample) at various reaction temperatures. The 

syngas yield increased between T=800 °C and 1000 °C for all the samples due to an enhanced 

carbon conversion as discussed in section 3.4. This trend is most pronounced for large particle 

sizes. Above T=1000 °C increase in syngas yield is less notorious and driven by CO arising 

from the decomposition of carbonates in the smelt as discussed in the first part of the 

publication series[32].

 

Figure 1 Combined yields of H2 and CO for the different samples. Gas environment 5 %CO2
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Blending BL with PO significantly increased syngas yield. This observation might 

seem evident from the fact that adding PO into BL increases the combustible fractions of the

blend. However, 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 as long as alkali 

concentration and/or temperature is high enough to ensure similar carbon conversion. Indeed, 

syngas yields from large particles at T=800 °C were lower than those from small particles due 

to the low carbon conversion.

 

Figure 2:Concentration of methane in the syngas (combined CO+H2). Gas environment 5 %CO2

In a full scale gasifier, methane concentration is strongly correlated to process

temperature, which is difficult to measure accurately. For this reason, methane is often used as 
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a control parameter for gasifier operation. It is important to determine whether modifying fuel 

composition affects methane or not. Figure 2 shows methane concentration in the gas. The 

strong decrease of methane with temperature can be acknowledged to a rise in the kinetic rate 

of the steam and dry reform of methane. Two interesting observations can be drawn from the 

figure. On one hand large particle resulted in higher concentrations of methane at T= 800 °C,

possibly due to slower heating rate, yet at increasing temperature methane concentration from 

larger particles dropped below that of smaller particles. That could be explained on the basis 

that large particles preserved char structure at all temperatures, as opposed to small particles 

(see discussion in section 3.4), and char surfaces are known to have a catalytic role in reform 

reactions of methane[35]. On the other hand pure BL derived in less methane than alkali 

poorer BP20, BP40 and specially pine wood led. The largest difference was observed for 

larger particles. That could be related with the role of alkali in promoting coke oxidation [36]

thus avoiding char deactivation. The combined results agreed with one study [35] that showed 

that methane reform rate with CO2 was affected as follows: Na-dopped char> char>non 

catalytic.

3.2 Tar and soot

In biomass conversion tars appear during the devolatilization stage; at this point they 

are often referred as “primary tars”. They are abundant in oxygenated functional groups.

Several studies have characterized primary tars from biomass [37–39]. As gasification 

proceeds primary tars undergo gas-phase decomposition reactions to form secondary and 

tertiary tars, soot and permanent gases [38,40,41]. The tar concentration is defined as the ratio 

of the weight of tar to the volume of syngas (CO+H2) collected in one experiment. Given high 

temperatures and residence time of the experiments the collected tars are “tertiary” tars.
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Figure 3 Tar amount normalized to the amount of syngas generated (CO+H2)

 

Figure 3 shows tar concentration for different samples and temperatures. Absolute 

values vary greatly depending on the reactor set-up (reaction time, heating rate, gas phase 

etc.). Concentrations of tars representative of full scale BLG can be found elsewhere [42]. BL 

based fuels yielded much less tar than pine wood at any temperatures. The difference was 

already noticeable at T=800 °C. As the temperature increased from T= 800 °C to 1200 °C, tar 

concentration in syngas from BL based samples reduced from a few g m-3 to less than a few 

mg m-3. All tar components were below the detection limit at T=1400 °C. The importance of 

CO2 in tar reforming reactions can be identified by comparing the faster decline of tar for the 

experiments with CO2 with that under inert conditions.

Figure 3 also shows that samples containing PO (BP20 and BP40) resulted in much 

lower tar yields than BL. The difference was observed only at favourable reaction conditions

(e.g. high temperature and in presence of an oxidizing agent) indicating that the difference 
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was related to the kinetics of tar reforming reactions with CO2. Upon mixing, inorganic alkali 

in BL reacts with the acidic compounds in PO forming the conjugate alkali salts. Thus the 

proportion of organically bound Na in the mixture increases with respect to pure BL. Perhaps 

organically bound Na led to more reactive tar species which were more vulnerable to 

oxidation with CO2. The relative increase in organically bound Na due to blending PO is 

presented in the supplementary material (Fig. S1). Further work should be carried out to better 

understand the causes of such noticeable reduction of tar.

Figure 4 illustrates the composition of tars grouped by number of rings. For pine, the 

proportion of heavier tars (4 ring PAH) increased with temperature. On the other hand, BL 

based samples showed the opposite trend: While 14 species were observed at T=800 °C, only 

benzene and small amounts of naphthalene were detected at T=1200 °C. Soot yield was 

negligible for all BL based samples at any experimental condition while considerable amount 

of soot was collected from pine. These results support the hypothesis that alkali elements 

avoid the growth of PAH, which are precursors for soot [43]. It is hypothesised that the 

attraction between electron rich pi bonds of aromatics and a cation would give the overall unit 

a positive charge, thus repealing each other and inhibiting growth of PAH. However, further 

study is necessary to draw any conclusion on the possible mechanism
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Figure 4 Distribution of tar compounds grouped by number of rings for pine (top) and BL (bottom)

3.3 Char formation and swelling 

Reaction conditions during devolatilization affect the size and structure of char

particles and, hence, the apparent conversion rate during char gasification. 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[44]. The process have been described in detail elsewhere [40,45]. Figure

5 shows a cross sectional view of a cenosphere (original sample: BL 90-200μm; reaction 



13 
 

conditions: T=800 °C and 5%CO2). The particle is hollow inside with a shell of about 100 μm 

thickness. This shell contains further cavities ranging from 10 μm to 50 μm in diameter.

 

Figure 5 Section of a char particle. Conditions: BL 90- °C and 100% N2

 

Swelling during devolatilization is important since it increases the surface area of the 

char (hence, apparent reactivity) and the characteristics of particulate in the flow as discussed 

in literature [1,46–48]. Swelling was quantified by analysing a sample of particles by static 

image analysis and defining a swelling factor in terms of a ratio between particle area for char 

residues at T=800 °C and initial fuel particles. The reason for the choice of this swelling 
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factor is that it arises directly from experimental observations. Swelling factors are shown in 

Table 2.

Table 2: Swelling measured as for experiments at T=800 °C

Sample 90-200μm 500-630μm 

BL-N2 5.2 16.5 

BL-CO2 3.5 15.1 

BP20-CO2 5.9 35.3 

BP40-CO2 5.8 30.8 

Large particles swelled more than the smaller ones (see table 2). Research on swelling

for coal indicated that swelling increases with heating rate peaking between 1000 and 10000

K/s for different coals [49], 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 of the small fuel particles. In 

addition, smaller 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). The sample effect on 

swelling was also important. Samples with larger volatile content (BP20 and BP40) swelled

much more than BL. This is in part due to the higher content of volatile matter in the blends.

Yet, an increase of the order of 10-20% of volatiles is not enough to explain such a large 

difference in the swelling ration. Differences in the viscosity and the superficial tension 

between the converting particles arising from BL and those from the blends might be the 

underpinning reason for such a large difference in swelling. These results revises our previous 

work [21], which did not observe significant differences in swelling between BL and BL/PO 

blends from a limited number of experiments.
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3.4 Carbon in solid residue

After devolatilization, char reacts via heterogeneous reactions with the surrounding gases 

(CO2 in our experiments). Carbon conversion is critical for both the gasification efficiency 

and recovery of the pulping chemicals in BLG. Figure 6 shows the yields of solid residue 

while Fig. 7 shows the unconverted carbon remained in solid residue.

 

Figure 6 Solid yield (char +ash) as a percentage of fuel input.
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Figure 7 Unconverted carbon (UC) in the solid residue calculated as  =  
 

We detected clear differences between the behaviour of small (90-200 μm) and large 

particles (500-630 μm). While both particle sizes showed incomplete carbon conversion at 

T=800 °C (Fig. 6 and 7), small particles completed fuel 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 solid residues continued to decline (Fig. 6) as the inorganic species went into the gas 

phase. On the other hand, larger particles (500-630μm) 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 solid residue (Fig. 8). Part of the difference 
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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.

 

Figure 8. Visual inspection of the different solid residues collected under oxidizing contions (5% 
CO2)

4. Conclusions 
 

The consequences of adding PO in BL concerning fuel conversion were investigated. 

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 
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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 

conversion. Alkali compounds might have inhibited the growth of PAH in BL-based samples

and the presence of soot was negligible. 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 addition of PO in BL also improved carbon 

conversion at all temperatures and particles sizes. Large particles (500-630 μm), 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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Abbreviations

BL: black liquor

BLG: black liquor gasification

GC: gas chromatography

DTF: drop tube furnace

EFG: entrained flow gasifier

FID: flame ionization detector

LEFG: laminar entrained flow gasifier

MS: mass spectra

PBX: mixture of pyrolysis oil (X wt.%) and black liquor (100-X wt.%)

PO: pyrolysis oil

TOC: Total organic carbon

UC: Unconverted carbon



20 
 

References

[1] Whitty K, Backman R, Hupa M. Influence of pressure on pyrolysis of black liquor: 1. Swelling. 
Bioresour Technol 2008;99:663–70. doi:10.1016/j.biortech.2006.11.065. 

[2] Li J, Van Heiningen ARP. Kinetics of carbon dioxide gasification of fast pyrolysis black liquor 
char. Ind Eng Chem Res 1990;29:1776–85. doi:10.1021/ie00105a007. 

[3] Li J, Van Heiningen ARP. Kinetics of Gasification of Black Liquor Char by Steam. Ind Eng Chem 
Res 1991;30:1594–601. 

[4] Sricharoenchaikul V, Phimolmas V, Frederick WJ, Grace TM. Pyrolysis of Kraft black liquor: 
formation and thermal conversion of volatile products and char. J Pulp Pap Sci 1998;24:43–50. 

[5] Young CM. Pressure Effects on Black Liquor Gasification Pressure Effects on Black Liquor 
Gasification. Georgia Institute of Technology, 2006. 

[6] Sricharoenchaikul V, Frederick WJ, Agrawal P. Carbon distribution in char residue from 
gasification of kraft black liquor. Biomass and Bioenergy 2003;25:209–20. doi:10.1016/S0961-
9534(02)00193-9. 

[7] Guo D liang, Wu S bin, Liu B, Yin X li, Yang Q. Catalytic effects of NaOH and Na2CO3 additives 
on alkali lignin pyrolysis and gasification. Appl Energy 2012;95:22–30. 
doi:10.1016/j.apenergy.2012.01.042. 

[8] Jafri Y, Furusjö E, Kirtania K, Gebart R. Performance of an entrained-flow black liquor gasifier. 
Energy & Fuels 2016;30:3175–85. doi:10.1021/acs.energyfuels.6b00349. 

[9] Landälv I, Gebart R, Marke B, Granberg F, Furusjö E, Löwnertz P, et al. Two Years Experience 
of the BioDME Project — A Complete Wood to Wheel Concept. Environ Prog Sustain Energy 
2014;33:744–50. doi:10.1002/ep.11993. 

[10] Moulijn JA, Cerfontain MB, Kapteijn F. Mechanism of the potassium catalyzed gasification of 
carbon in CO<sub>2<sub>. Fuel 1984;63:1043–7. 

[11] Cerfontain MB, Meijer R, Kapteijn F, Moulijn JA. Alkali-catalyzed carbon gasification in CO CO2 
mixtures: An extended model for the oxygen exchange and gasification reaction. J Catal 
1987;107:173–80. doi:10.1016/0021-9517(87)90282-X. 

[12] McKee DW. Mechanisms of the alkali metal catalysed gasification of carbon. Fuel 
1983;62:170–5. doi:10.1016/0016-2361(83)90192-8. 

[13] Nzihou A, Stanmore B, Sharrock P. A review of catalysts for the gasification of biomass char, 
with some reference to coal. Energy 2013;58:305–17. doi:10.1016/j.energy.2013.05.057. 

[14] Sutton D, Kelleher B, Ross JRH. Review of literature on catalysts for biomass gasification. Fuel 
Process Technol 2001;73:155–73. doi:10.1016/S0378-3820(01)00208-9. 

[15] Postma RS, Kersten SRA, van Rossum G. Potassium salt catalyzed tar reduction during 
pyrolysis oil gasification. Ind Eng Chem Res 2016;55:7226–320. doi:10.1021/acs.iecr.6b01095. 

[16] Kirtania K, Axelsson J, Matsakas L, Furusjö E, Umeki K. Alkali catalyzed gasification of solid 
biomas-Influence on fuel conversion and tar/soot reduction. 24th Eur. Biomass Conf. Exhib., 
Amsterdam: 2016, p. 6–9. 



21 
 

[17] Jiang L, Hu S, Wang Y, Su S, Sun L, Xu B, et al. Catalytic effects of inherent alkali and alkaline 
earth metallic species on steam gasification of biomass. Int J Hydrogen Energy 
2015;40:15460–9. doi:10.1016/j.ijhydene.2015.08.111. 

[18] Neeft J, Makkee M, Moulijn J. Catalysts for the oxidation of soot from diesel exhaust gases. I. 
An exploratory study. Appl Catal B Environ 1996;8:57–78. doi:10.1016/0926-3373(95)00057-7. 

[19] Castoldi L, Matarrese R, Lietti L, Forzatti P. Intrinsic reactivity of alkaline and alkaline-earth 
metal oxide catalysts for oxidation of soot. Appl Catal B Environ 2009;90:278–85. 
doi:10.1016/j.apcatb.2009.03.022. 

[20] Whitty K, Backman R, Hupa M. Influence of char formation conditions on pressurized black 
liquor gasification rates. Carbon N Y 1998;36:1683–92. doi:10.1016/S0008-6223(98)00167-5. 

[21] Bach-Oller A, Furusjö E, Umeki K. Fuel conversion characteristics of black liquor and pyrolysis 
oil mixtures: Efficient gasification with inherent catalyst. Biomass and Bioenergy 2015;79:155–
65. doi:10.1016/j.biombioe.2015.04.008. 

[22] Sams DA, Talverdian T, Shadman F. Kinetics of catalyst loss during potassium-catalysed CO2 
gasification of carbon. Fuel 1985;64:1208–14. doi:10.1016/0016-2361(85)90176-0. 

[23] Backman R, Frederick WJ, Hupa M. Basic studies on black-liquo pyrolysis and char gasification. 
Bioresour Technol 1993;46:153–8. 

[24] Defoort F, Dupont C, Durruty J, Guillaudeau J, Bedel L, Ravel S, et al. Thermodynamic Study of 
the Alkali Release Behavior during Steam Gasification of Several Biomasses. Energy and Fuels 
2015;29:7242–53. doi:10.1021/acs.energyfuels.5b01755. 

[25] Li S, Whitty KJ. Investigation of coal char-slag transition during oxidation: effect of 
temperature and residual carbon. Energy and Fuels 2009;23:1998–2005. 
doi:10.1021/ef801082j. 

[26] Kuang J, Zhou J, Zhou Z, Liu J, Cen K. Catalytic mechanism of sodium compounds in black 
liquor during gasification of coal black liquor slurry. Energy Convers Manag 2008;49:247–56. 
doi:10.1016/j.enconman.2007.06.032. 

[27] Zhan X, Zhou Z, Wang F. Catalytic effect of black liquor on the gasification reactivity of 
petroleum coke. Appl Energy 2010;87:1710–5. doi:10.1016/j.apenergy.2009.10.027. 

[28] Sricharoenchaikul V, Sirinawin C, Thassanaprichayanont S, Atong D, Viboon Sricharoenchaikul, 
Chanattapa Sirinawin, Sildara Thassanprichayanont DA. Co-gasification of black liquor and 
pulp sludge for fuel production. 19th Eur. Biomass Conf. Exhib. June 2011, Berlin: 2011. 

[29] Niklas V, Demartini N, Hupa M. Combustion of Black Liquor - Solid Biomass Mixtures in a 
Single Particle Reactor — Characteristics and Fate of Nitrogen. Energy & Fuels 2011;25:4944–
51. doi:dx.doi.org/10.1021/ef2009937. 

[30] Andersson J, Lundgren J, Furusjö E, Landälv I. Co-gasification of pyrolysis oil and black liquor 
for methanol production. Fuel 2015;158:451–9. doi:10.1016/j.fuel.2015.05.044. 

[31] Andersson J, Furusjö E, Wetterlund E, Lundgren J, Landälv I. Co-gasification of black liquor and 
pyrolysis oil: Evaluation of blend ratios and methanol production capacities. Energy Convers 
Manag 2016;110:240–8. doi:10.1016/j.enconman.2015.12.027. 

[32] Bach-Oller A, Kirtania K, Furusjö E, Umeki K. Co-gasification of black liquor and pyrolysis oil at 



22 
 

high temperature (800-1400 °C): Part 1. Fate of alkali elements. Submitt to Fuel 2016. 

[33] Umeki K, Kirtania K, Chen L, Bhattacharya S. Fuel Particle Conversio of Pulverized Biomass 
during Pyrolisis in an Entrained Flow Reactor. Ind Eng Chem Res 2012;51:13973–9. 
doi:10.1021/ie301530j. 

[34] Kirtania K, Bhattacharya S. Coupling of a distributed activation energy model with particle 
simulation for entrained flow pyrolysis of biomass. Fuel Process Technol 2015;137:131–8. 
doi:10.1016/j.fuproc.2015.04.014. 

[35] Haghighi M, Sun Z, Wu J, Bromly J, Wee HL, Ng E, et al. On the reaction mechanism of CO2 
reforming of methane over a bed of coal char. Proc Combust Inst 2007;31:1983–90. 
doi:10.1016/j.proci.2006.07.029. 

[36] Miao Q, Xiong G, Sheng S, Cui W, Xu L, Guo X. Partial oxidation of methane to syngas over 
nickel-based catalysts modified by alkali metal oxide and rare earth metal oxide. Appl Catal A 
Gen 1997;154:17–27. doi:10.1016/S0926-860X(96)00377-8. 

[37] Jess A. Mechanisms and kinetics of thermal reactions of aromatic hydrocarbons from pyrolysis 
of solid fuels. Fuel 1996;75:1441–8. doi:10.1016/0016-2361(96)00136-6. 

[38] Evans RJ, Milne T a. Molecular characterization of pyrolysis of biomass. 1. Fundamentals. 
Energy & Fuels 1987;1:123–38. doi:0887-0624/87/2501-0123. 

[39] Zhang Y, Kajitani S, Ashizawa M, Oki Y. Tar destruction and coke formation during rapid 
pyrolysis and gasification of biomass in a drop-tube furnace. Fuel 2010;89:302–9. 
doi:10.1016/j.fuel.2009.08.045. 

[40] Jarvis MW, Haas TJ, Donohoe BS, Daily JW, Gaston KR, Frederick WJ, et al. Elucidation of 
Biomass Pyrolysis Products Using a Laminar Entrained Flow Reactor and Char Particle Imaging. 
Energy & Fuels 2011;25:324–36. doi:Doi 10.1021/Ef100832d. 

[41] Morf P, Hasler P, Nussbaumer T. Mechanisms and kinetics of homogeneous secondary 
reactions of tar from continuous pyrolysis of wood chips. Fuel 2002;81:843–53. 
doi:10.1016/S0016-2361(01)00216-2. 

[42] Öhrman O, Häggström C, Wiinikka H, Hedlund J, Gebart R. Analysis of trace components in 
synthesis gas generated by black liquor gasification. Fuel 2012;102:173–9. 
doi:10.1016/j.fuel.2012.05.052. 

[43] Saggese C, Ferrario S, Camacho J, Cuoci A, Frassoldati A, Ranzi E, et al. Kinetic modeling of 
particle size distribution of soot in a premixed burner-stabilized stagnation ethylene flame. 
Combust Flame 2015;162:3356–69. doi:10.1016/j.combustflame.2015.06.002. 

[44] Wornat MJ, Porter BG, Yang NYC. Single Droplet Combustion of Biomass Pyrolysis Oils. Energy 
& Fuels 1994;8:1131–42. doi:10.1021/Ef00047a018. 

[45] Yu J, Lucas JA, Wall TF. Formation of the structure of chars during devolatilization of 
pulverized coal and its thermoproperties: A review. Prog Energy Combust Sci 2007;33:135–70. 
doi:10.1016/j.pecs.2006.07.003. 

[46] Jarvinen M, Zevenhoven R, Vakkilainen E, Forssã M, Järvinen M, Zevenhoven R, et al. Black 
liquor devolatilization and swelling—a detailed droplet model and experimental validation. 
Biomass and Bioenergy 2003;24:495–509. doi:10.1016/S0961-9534(02)00151-4. 



23 
 

[47] Frederick WJ, Noopilla T, Hupa M. Swelling of spent pulping liquor droplets during 
combustion. J Pulp Pap Sci 1991;17:J164–70. 

[48] Ip L-T. Comprehensive Black Liquor Droplet Combustion Studies 2005:1–212. 

[49] Gale TK, Bartholomew CH, Fletcher TH. Decreases in the swelling and porosity of bituminous 
coals during devolatilization at high heating rates. Combust Flame 1995;100:94–100. 
doi:10.1016/0010-2180(94)00071-Y. 

 








