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Abstract 

Reliable energy supply is a major concern and crucial for development of 
the global society. To address the dependency on fossil fuel and the 
negative effects of this reliance on climate, there is a need for a transition 
to cleaner sources. An attractive solution for replacing fossil-based 
products is renewable substitutes produced from biomass. Gasification and 
pyrolysis are two promising thermochemical conversion technologies, 
facing challenges before large-scale commercialization becomes viable. In 
case of biomass gasification, undesired by-product of hydrocarbons, 
known as tar, must be handled prior to syngas utilization. An attractive 
option, among hot gas conditioning methods, is nickel-based catalytic 
steam reforming. In case of biomass pyrolysis, catalytic steam reforming 
is in early stages of investigation as a feasible option for conversion of bio-
crude to syngas. 

The focus of the thesis is partly dedicated to describe research aimed at 
increasing the knowledge around tar reforming mechanisms and effect of 
biomass-derived impurities on Ni-based tar reforming catalyst downstream 
of gasifiers. The work contributes to a better understanding of gas-phase 
alkali uptake, equilibration, and interaction with Ni-based catalyst surface 
under realistic conditions. A methodology was successfully developed to 
enable controlled investigation of the combined sulfur (S) and potassium 
(K) interaction with the catalyst. The methodology includes an 
implementation of precise alkali dosing, elimination of transient effects in 
activity, and catalyst characterization. The most striking result was that K 
appears to lower the sulfur coverage and increases methane and tar 
reforming activity. Additionally, for a clearer elucidation of elementary 
steps involved in tar reforming, a combined experimental and theoretical 
surface science approach using a Ni(111) model system was performed. 
The results obtained are discussed in terms of naphthalene adsorption, 
dehydrogenation and carbon passivation of nickel. 

Additionally, the thesis describes research performed on pyrolysis gas  
pre-conditioning at a small-industrial scale, using an Fe-based catalyst for 
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mild deoxygenation of bio-crude and H2-rich gas production. Findings 
showed that Fe-based materials are potential candidates for application in 
a pyrolysis gas pre-conditioning step before further treatment or use, and a 
way for generating a hydrogen-enriched gas without the need for bio-crude 
condensation. 

Keywords: tar reforming, biomass gasification, Ni-based catalyst, 
potassium, sulfur, pyrolysis gas, bio-crude conditioning, gas conditioning, 
Fe-based catalyst 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sammanfattning 

Tillförlitlig energiförsörjning är en stor utmaning och avgörande för 
utvecklingen av det globala samhället. För att ta möta beroendet av fossil 
råvara och de negativa effekter som detta beroende medför för klimatet 
finns ett stort behov av en övergång till renare energiråvaror. En attraktiv 
lösning är att ersätta nuvarande fossil råvara med produkter från biomassa. 
Förgasning och pyrolys är två lovande teknologier för termokemisk 
omvandling av biomassa. Kommersialisering av dessa teknologier är inte 
helt problemfritt. I fallet förgasning så behöver, bl.a. oönskade tyngre 
kolväten (tjära) hanteras innan den producerade orenade produktgasen kan 
användas i syntesgastillämpningar. Ett effektivt alternativ för detta är 
gaskonditionering vid höga temperaturer, baserade på katalytisk 
ångreformering med en nickelkatalysator. Katalytisk ångreformering är en 
möjlig teknik för omvandling av bioråvara, producerad från pyrolys av 
biomassa, till syntesgas.  

Avhandlingen fokuserar delvis på att beskriva den forskning som utförts 
för att öka kunskapen kring mekanismer för tjärreformering och effekterna 
av föroreningar från biomassan på en nickelkatalysator nedströms 
förgasare. Arbetet bidrar till en bättre förståelse av hur alkali i form av 
kalium (K) i gasfasen upptas, jämviktas och växelverkar med ytan hos 
nickelkatalysatorn under fullt realistiska förhållanden. Inledningsvis 
utvecklades en metod för att möjliggöra kontrollerade studier av den 
kombinerade effekten av S och K, vilken inkluderar exakt dosering av 
alkali till en produktgas, eliminering av transienter i katalysatoraktiviteten 
samt katalysatorkarakterisering. Det mest lovande resultatet är att K både 
sänker ytans svavelinnehåll och ökar aktiviteten för omvandlingen av 
metan och tjära. För att ytterligare fördjupa kunskaperna i mekanismerna 
för tjärnedbrytning utfördes experimentella och teoretiska ytstudier på en 
enkristallnickelyta med naftalen som modellförening. Resultat avseende 
naftalenadsorption, dehydrogenering av naftalen och kolpassivering av 
nickelytan diskuteras. 
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Därutöver så beskriver avhandlingen den forskning som utförts inom 
förkonditionering av pyrolysgas med en järnkatalysator för varsam 
deoxygenering av biooljan och vätgasproduktion. Detta utfördes vid en 
småskalig industriell anläggning. De experimentella studierna visar att den 
undersökta järnkatalysatorn resulterar i en vätgasberikad gas och att den är 
en potentiell kandidat för tillämpning i ett förkonditioneringssteg. 

Nyckelord: tjärreformering, biomassaförgasning, Ni-baserad 
katalysator, kalium, svavel, pyrolysgas, konditionering bio-råolja, 
gaskonditionering, Fe-baserad katalysator 
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1 Setting the scene  

Synthesis gas (also known as syngas), a mixture of CO, H2, and CO2, is a 
key intermediate product in the chemical industry. It is used for the 
production of chemicals and fuels and as a source of pure hydrogen and 
CO. This energy source/intermediate will continue to play an important 
role in energy conversion in the 21st century [1]. Syngas can be produced 
from plentiful carbon or hydrocarbon sources, including natural gas, coal, 
naphtha, and biomass [2, 3], traditionally via steam reforming, autothermal 
reforming, and partial oxidation. Natural gas and naphtha, to a lesser 
extent, are the dominant feedstock for production of syngas [3]. Demands 
for greater energy supply and new processes with improved efficiency has 
never been higher worldwide due to an increasing population and standard 
of living [4-6]. Today, roughly 81 % of the world energy supply is from 
fossil fuel (i.e. oil, natural gas, and coal) sources [7]. Environmental 
concerns, such as the threat posed by greenhouse gas emissions, possible 
future shortages, such as depletion of fossil fuel sources, and energy 
security issues facing oil- and gas-importing countries are some of the main 
energy and environmental challenges posed by non-renewable sources. 
These concerns have boosted research into alternatives to fossil  
fuel-derived products [8]. Biomass has environmental advantages over 
fossil fuels, such as lower CO2 and other greenhouse gas emissions [9]. 
Biomass is widespread, abundant, and can be sustainably developed as 
well as being considered renewable [10-13].  

Potential routes for the production of syngas and pure H2 from biomass are 
thermochemical conversion processes; gasification and pyrolysis. Biomass 
gasification has attracted the most attention due to its high conversion 
efficiency and its versatility in accepting a wide range of biomass 
feedstocks to produce an intermediate product suitable for upgrading to 
syngas and various high-value end products [2, 10, 14, 15]. There are few 
examples of demonstration or commercial plants for biomass gasification 
to syngas around the world [16-18]. Biomass pyrolysis is also an attractive 
route, overcoming some of the disadvantages of large-scale biomass 
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utilization, such as low energy density and low annual yields of biomass 
[16]. It converts biomass into gas, liquid, and char. The ultimate goal of 
this technology is generally to produce a pyrolysis oil that can be used as 
a fuel, fuel additive, and/or intermediate to be further utilized for different 
purposes. 

Biomass gasification and pyrolysis, produces certain problematic organic 
compounds that need to be treated. In the case of biomass gasification, one 
of the main challenges before additional conditioning and conversion to 
chemicals and fuels is to remove heavy hydrocarbons (referred to as tar) or 
to convert them to syngas molecules [19]. An attractive way to mitigate 
tars and decompose lighter hydrocarbons is secondary catalytic tar 
reforming, converting tar to useful permanent gases [20]. In the case of 
biomass pyrolysis, pyrolysis bio-crude (i.e., the liquid condensate) is 
problematic to handle and exploit, so upgrading routes are needed for their 
use. In the case of hydrogen or syngas production, catalytic steam 
reforming of bio-crude is considered a CO2-neutral and therefore 
sustainable route [21]. 

In conclusion, a key stage in the examined biomass utilization pathways is 
the reforming and conditioning of biomass gasification and pyrolysis gas 
by means of heterogeneous catalysis, which has a fundamental role in the 
development of gas cleaning and conditioning technologies for the 
production of synthesis gas.  
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1.1 Scope of the thesis 

The scope of this thesis is separated into two parts, as illustrated in figure 
1.1, which shows the scientific relevance, as well as type of catalyst and 
characterization methods used:  

1. Catalyst stability and resistance to different contaminants in 
biomass affect the lifetime of the catalyst, which ultimately 
influences the feasibility and profitability of the process. Likewise, 
understanding the detailed mechanisms of complex reaction 
networks in tar reforming units can significantly facilitate the 
design of new processes and catalysts. These two considerations 
are the basis for the study performed in papers I–III and can be 
sub-categorized as follows: 
 

a. Combined effects of biomass-derived impurities in the gas 
phase under fully realistic steady-state conditions on a 
typical tar (steam) reforming catalyst downstream of the 
gasifier: this fills a gap in the fundamental understanding 
of the interactions of gas-phase impurities with the 
catalyst. The impact of gas-phase alkali on the catalyst is 
less well understood than that of sulfur. Although the 
effect of alkali may be masked by the more dominant 
sulfur effect, the minor effect could limit the lifetime of 
the catalyst over longer time scales and lead to more 
complex phenomena. This area is becoming increasingly 
important given the expanding interest in the conversion 
of biomass in which impurities such as alkali metals are 
natural trace elements. For this study, activity tests were 
performed in a catalytic reactor downstream of a bench 
scale gasification reactor and a hot-gas filter at KTH Royal 
Institute of Technology. A system for precise dosing of the 
impurities into raw producer gas was developed and 
integrated into the gasification system. The tar (steam) 
reforming catalyst used was a Ni/MgAl2O4, HT-25934, 
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Haldor Topsoe A/S, catalyst. During this study, several 
techniques were used to characterize the spent catalyst.  
 

b. An atomistic investigation of the surface chemistry of 
naphthalene on nickel: this system for tar reforming has 
not been examined in detail from the surface science point 
of view. A broad combined experimental and theoretical 
approach was implemented to understand the chemical 
reaction pathway from naphthalene to possibly graphene. 
This study was performed in cooperation with the Dept. of 
Material Physics, KTH Royal Institute of Technology, 
Dept. of physics, Stockholm University, and Jagiellonian 
University. In this study, a single nickel crystal was used 
as the model system.  

 

2. The steam reforming of bio-crude is in its early stages of 
development. Many challenges remain to be investigated before 
industrial application of this process, challenges such as the 
kinetics and mechanisms of bio-crude reforming and carbon 
formation, the influence of sulfur, and different process designs 
such as concept of using pre-reformer-reformer technology. These 
challenges are the basis for the study performed in paper IV. The 
small industrial-scale catalytic conditioning and mild treatment of 
pyrolysis gas was performed without having to condense out  
bio-crude, using an inexpensive catalyst and no addition of extra 
hydrogen and/or steam under fully realistic conditions. The 
technology was evaluated through an in-depth investigation of the 
chemistry taking place at the catalyst surface in real biomass 
pyrolysis gas. The activity tests were primarily conducted at 
bench-scale (KTH Royal Institute of Technology) and small 
industrial-scale (Cortus Energy AB) test facility. The reactor setup 
and bio-crude sampling system were developed during this project 
at KTH Royal Institute of Technology. The catalyst used for the 
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experiments was an Fe-based catalyst, HT-25409, Haldor Topsoe 
A/S. Characterization techniques were deployed to evaluate the 
spent catalyst as well as raw and treated bio-crude. 
 

 

Fig. 1.1. Scope of the thesis: the scale, catalysts, and methods used. DFT and STM are 
local techniques at the angstrom scale. All other techniques are average (global) 
techniques measuring the response of many atoms/molecules. 

 

1.2 Thesis outline 

The thesis is, to a major part, based on the four appended papers and 
manuscripts, including unpublished results that support the findings. 
Following this chapter, chapter 2 gives background on the thermochemical 
conversion pathway to produce syngas from biomass as well as on tar 
reforming and bio-crude steam reforming. Chapter 3 summarizes the 
experimental setups, materials, and methods used in this thesis. Chapters 4 
and 5 focus on the study of catalytic tar reforming and presents the most 
important results and discussions (papers I–III). Chapter 6 is focused on 
catalytic pyrolysis gas conditioning studies, performed in a small 
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industrial-scale test facility. It describes and discusses the most important 
results (paper IV). Finally, Chapter 7 summarizes the conclusions and 
makes recommendations for future work. 

 



  

2 Thermochemical conversion of biomass 
to syngas  

Figure 2.1 presents the overall schematic of the thermochemical pathway 
from biomass to syngas and further processing to secondary products. The 
pathway from gasification and pyrolysis to syngas is highlighted in red. 
The gasification route, has two main steps: the production of raw producer 
gas (here referred to as producer gas) and the subsequent conditioning. The 
two main steps of pyrolysis are the production of gas, liquid, and char and 
the subsequent conditioning.  Sections 2.1 and 2.2 provide an overview of 
the biomass gasification and pyrolysis route to synthesis gas, with a special 
focus on catalytic tar and bio-crude steam reforming. 

 

 
Fig. 2.1. Overall schematic: from biomass conversion to syngas. 
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2.1 Biomass gasification to syngas route  

Gasification is the partial oxidation of the solid biomass, which ideally 
yields a low to medium heating-value energy gas. This gas is for direct use 
or further upgrading to high-value end products in industry and society. 
Gasification technology dates back to the end of the 18th century, and all 
major commercial gasification technologies made their debut from 1850 to 
1940, such as Winkler’s fluidized-bed gasifier in 1926, Lurgi’s pressurized 
gasifier in 1931, and Koppers-Totzek’s entrained-flow gasifier. From 1940 
to 1975, many cars and trucks in Europe operated on gas from coal or 
biomass gasified onboard. At the same time, syngas production from 
natural gas and naphtha by steam reforming increased in this period. From 
1975 to 2000, gasification found commercial use in chemical feedstock 
production besides providing gas for heating. Despite the drop in oil prices, 
some governments recognized the need for cleaner environments and 
supported biomass-fueled integrated gasification combined cycle (IGCC) 
power plants. [22] 

Coal gasification is a well-established process in industry [23]. However, 
biomass gasification, due to differences in properties between feedstock, 
is not directly comparable to coal gasification. Producer gas obtained from 
biomass gasification includes larger amounts of  secondary products such 
as light and heavy organic compounds [24], and different levels of 
particulates and inorganic impurities [25-27], depending on the type of 
gasifier and biomass feedstock. Table 2.1 shows some selected biomass 
and coal characteristics. 
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Table 2.1. Characteristics of biomass and coal [28]. 

  Softwood, 
% 

Hardwood, 
 % 

Bituminous coal, 
% 

C (daf1) 54.9 50.8 82.3 
H (daf) 6.7 5.9 5.1 
N (daf) 0.2 0.18 1.5 
S (daf) 0.1 0.01 0.8 
O (daf) 38 43.0 10.2 

Ash (ar2) 2 1.6 7.9 
Moisture (ar) 37.3 20.2 4 

1) Dry ash-free 2)  As received 

These impurities need to be dealt with before further synthesis and 
upgrading. Figure 2.2 summarizes two overall pathways from the biomass 
gasification process to syngas: a low- and a high-temperature route in terms 
of gas cleaning and conditioning requirement. The low-temperature route 
consists of gasification technologies with relatively low gasification 
temperatures (800–950°C), and therefore relatively high tar contents; the 
reverse is true of the high-temperature route, in which high gasification 
temperatures (1200–1500°C) result in low or no tar contents in the gas  
[20, 29]. The low-temperature route generally includes a tar mitigation step 
outside the gasifier in addition to gas cleaning and conditioning [19, 20]. 
These two routes, together with gas cleaning and conditioning and tar 
removal, are described in more detail in the following subsections. 
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Fig. 2.2. High-temperature and low-temperature routes from biomass gasification to 
syngas. 

 

2.1.1 Biomass gasification  

Gasification takes place via heterogeneous and homogenous reactions by 
partial oxidation at high temperatures using a gasifying agent such as air, 
oxygen, steam, or a combination of those. This process converts the 
carbonaceous feedstock to a mixture of CO, H2, CO2, CH4, H2O, in some 
cases N2 (if air is used), and small amounts higher hydrocarbons. The main 
chemical reactions taking place during the thermochemical conversion in 
a gasifier can be summarized as follows [20]: 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 → 𝐹𝐹ℎ𝑎𝑎𝑎𝑎 + 𝐹𝐹𝑎𝑎𝑎𝑎𝐹𝐹 + 𝐶𝐶𝐶𝐶2 + 𝐻𝐻2𝐶𝐶 + 𝐶𝐶𝐶𝐶 + 𝐻𝐻2
+ (𝐶𝐶2 − 𝐶𝐶5) 

(Endothermic) 
 

(Eq. 2.1) 

𝐶𝐶 +
1
2
𝐶𝐶2 → 𝐶𝐶𝐶𝐶 

(Partial oxidation) 

ΔH𝑟𝑟
0 = −109 kJ/mol (Eq. 2.2) 

𝐶𝐶 + 𝐶𝐶𝐶𝐶2 ↔ 2𝐶𝐶𝐶𝐶 
(Reverse Boudouard) 
 

ΔH𝑟𝑟
0 = +172 kJ/mol (Eq. 2.3) 
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𝐶𝐶 + 𝐻𝐻2𝐶𝐶 ↔ 𝐶𝐶𝐶𝐶 +𝐻𝐻2 
(Water gas reaction) 

ΔH𝑟𝑟
0 = +131 kJ/mol (Eq. 2.4) 

 
𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝐶𝐶 ↔ 𝐶𝐶𝐶𝐶 + 3𝐻𝐻2 
(Steam reforming) 

ΔH𝑟𝑟
0 = +159 kJ/mol 

 
(Eq. 2.5) 

 

𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝐶𝐶 ↔ 𝐶𝐶𝐶𝐶2 + 𝐻𝐻2 
(Water-gas shift) 
 

ΔH𝑟𝑟
0 = −42 kJ/mol (Eq. 2.6) 

𝐶𝐶𝐶𝐶 + 3𝐻𝐻2 ↔ 𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝐶𝐶 
(Methanation) 

ΔH𝑟𝑟
0 = −206 kJ/mol (Eq. 2.7) 

 

                             

In case of complete carbon conversion, the composition of the raw 
producer gas is determined by the water-gas shift (equation 2.6) and steam 
methane reforming (equation 2.5) reactions [16]. The composition of the 
raw producer gas for a certain type of biomass depends on the gasifying 
agent, type of gasifier, and its operating conditions. The choice of the 
preferred gasifying agent depends on the desired gas composition and 
energy consumption. For example, steam or steam/oxygen as gasifying 
agent produces higher heating value product gas and higher yields of 
hydrogen than does air [30]. Gasification using air produces a gas low in 
calorific value, mainly suitable as a fuel for gas turbines or combustion in 
conventional boilers, not for hydrogen production or fuel and chemical 
synthesis [31]. Table 2.2 presents the composition range of major products 
in typical producer gas for an atmospheric fluidized-bed gasifier using 
different gasifying agents. For economical, compact and overall efficient 
conversion system for large scale production of transportation fuels and 
chemicals, pressurized gasification systems, using steam or steam/oxygen, 
are inevitable [20]. 
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Table 2.2. Composition of major products in biomass gasification gas produced in an 
atmospheric fluidized bed gasifier for three gasifying agent [25] 

Gas composition 
(vol-%, dry basis) 

Air Steam Steam + 
oxygen 

H2 5.0–16 38–56 14–32 
CO 10–22 17–32 43–52 
CO2 9–19 13–17 14–36 
CH4 2–6 7–12 6–8 
C2Hn 0.2–3 2 3–4 

N2 42–62 0 0 
H2O (wet basis) 11–34 52–60 38–61 

 

The main challenge in biomass gasification is the formation of organic 
compounds referred to as tar. The term “tar” does not have a generally 
accepted definition [24, 32], but it often refers to the condensable fractions 
of organic compounds from gasification products with molecular weights 
greater than 78 g/mol (benzene) [24, 32]. Tar derives from the organic part 
of biomass through series of complex thermochemical reactions. The 
schematic of tar maturation as a function of temperature is shown in Figure 
2.3. At low temperatures, primary tars are formed. With increasing 
temperature, tar transforms into secondary and tertiary tars. According to 
Milne et al [24], primary tars thermally crack into CO, H2, and other light 
gases before tertiary products appear. The tertiary products are usually 
more refractory and more difficult to decompose than primary and 
secondary tars. The tar composition produced based on the gasification 
temperature was reported by Huber et al. [33]. Tars can also be classified 
based on their appearance or molecular weight [34]. Tar sampling and 
analysis is preformed off-line and on-line. Traditional offline methods are 
the tar protocol [35] and solid phase adsorption (SPA) [36]. There are a 
number of recent online methods for tar analysis in biomass gasification 
[37, 38], some of which are still under development [39]. 
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Fig. 2.3. The tar maturation scheme; adapted from Ref. [40]. 

According to Milne et al. [24], a very crude generalization of tar level 
produced by different gasifiers is in the range of 1–100 g/Nm3, where in 
general terms, fluidized bed gasifiers are in the low to intermediate range  
(5–75 g/Nm3), consisting a mixture of secondary and tertiary tars [24, 33, 
41]. Fixed-bed updraft gasifiers yield high tar content, mainly consisting 
of primary tars, while fixed-downdraft gasifiers are the cleanest technology 
and the tars produced are almost exclusively tertiary tars [19, 33]. 

The concentrations of gas impurities vary, depending on the type of 
gasifier as well as the feedstock characteristic. The ranges of impurities for 
particulates is 5–30 g/Nm3 [29]. Particulates consist of unconverted 
biomass material in the form of ash (i.e. the mineral components of the 
biomass), char, and bed material in the case of fluidized-bed gasification. 
Torres et al. [25] noted a range of 1000-14000 ppmv (db) for NH3, while 
NH3 values of 500–3000 ppmv (db) are more representative when woody 
biomass is used [42]. The sulfur, chlorine, and nitrogen compound contents 
in the gas phase appear well correlated with the composition of the biomass 
and gasification conditions [25, 27]. For both S (mainly H2S and some 
COS) and Cl (mainly HCl) compounds, the impurity levels in the biomass 
producer gas are generally 20–200 ppm volumetric (ppmv) on a dry gas 
basis (db) [25]. Typical gas-phase K-species levels are around 0.01–5 
ppmv (db), with one case reported as high as 25–30 ppmv [26, 27, 43-45].   
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The high-temperature gasification route, shown in figure 2.2, includes, for 
instance, fixed-downdraft gasifiers, with concurrent flows of gases and 
solids through a descending packed bed, and entrained-flow gasifiers, with 
the co-feeding of powder feedstock and oxidant in down-flow “spray”, 
yielding relatively small amounts of tar due to a high gasifier temperatures. 
However, the higher gas temperature in entrained-flow gasifiers  
(1200–1500°C) promote ash melt conditions (slagging), problems with 
construction materials selection, and also soot formation [30]. Feeding 
powdered biomass is problematic in entrained-flow gasification and 
biomass milling and preparation can be cumbersome. Biomass is not 
suitable to be directly fed to this type of reactor. Due to short residence 
times of the entrained-flow reactors require a small particle size to ensure 
full gasification of the char. In the case of downdraft gasifiers, although 
the product gas has lower tar and particulate contents, physical limitations 
and particle size relation makes it difficult to scale-up the technology  
[29, 30], rendering it unsuitable, for example, for large-scale syngas 
production and further upgrading to fuels and chemicals.  

The low-temperature gasification route, shown in figure 2.2, includes, for 
example, fluidized-bed and fixed-updraft gasifiers. In a fluidized bed, all 
the reactions take place in a fluid bed, in which solid bed particles behave 
as a fluid through contact with a gas with a sufficient high gas velocity 
[20], whereas in an updraft gasifier, the gasifying agent is added at the 
bottom and the downward-moving feedstock is first dried by producer gas, 
then pyrolyzed, and the remaining char is finally gasified. Tar is either 
condensed out on the cool descending fuel particles or be carried out of the 
reactor with producer gas, thus contributing to its high tar content [30]. The 
tar content in the product gas is very high and the condensed-out tar is 
generally recycled back [30]. Fluidized-bed gasifier exit temperatures are 
typically 800–900°C. Therefore tar is not condensed out in the exit gas but 
still needs to be handled prior to syngas utilization. In co-firing 
applications, the problem with tar can be avoided by maintaining the gas 
at a temperature above the dew point of the tar. On the other hand, the 
content of tar in fluidized bed gasification gas is well above the maximum 
content allowed for gas turbines and diesel engines that prohibits the direct 
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utilization of the gas stream and thus also for syngas applications [24, 29]. 
Fluidized bed biomass gasification is well-known for being flexible 
regarding feedstock requirement compared to entrained flow gasification 
[17] and for larger-scale biomass gasification, with long operation hours, 
delivering raw synthesis gas that has been converted to pure synthesis gas, 
the choice of technology has been fluidized bed gasifier [17]. Besides 
handling of tar, particulates and impurities must be handled as well. The 
level of particulates are higher in fluidized-bed gasifier than fixed-bed 
gasifiers [29]. The greater part of fuel alkali is retained in the gasifier ash 
and bed solids in the case of fluidized bed gasifiers. However, the gas 
containing alkali metal compounds in their vapor state may cause problems 
in downstream processing units. The technology for fluidized bed 
gasification is already demonstrated with biomass for production of heat 
and/or electricity [20]. Some of the examples for biomass fluidized bed 
gasification are Lurgi circulating fluid-bed (CFB), Foster Wheeler CFB, 
TPS process of TPS Termiska Processor AB for ARBRE IGCC project, 
Repotec gasifier in Güssing, Carbona process, fast internally circulating 
fluid-bed (FICFB)-Austria, and GoBiGas in Gothenburg, Sweden 
[17, 46, 47]. 

2.1.2 Gas conditioning  

Gas conditioning refers to removing undesired impurities from biomass 
gasification gas that usually involves multi-step, integrated approach and 
it may also include WGS process for hydrogen production. Gas cleaning 
and conditioning, including tar abatement, have been among the challenges 
of biomass gasification processes, and one promising pathway is based on 
hot-gas cleaning and conditioning, the basic idea of which is to process the 
raw gas at high temperatures (above 500°C) to destroy the tar and also 
remove particulates. Hot gas conditioning for tar mitigation downstream 
of gasifiers may be used in combination with primary tar mitigation 
techniques, such as using catalytic bed materials, in case of fluidized bed 
gasification, and additives as well as optimizing operational conditions 
[48]. In this section, the focus will be on tar mitigation and particulate 
removal techniques. 
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2.1.2.1 Tar mitigation and gas clean-up  

High content of tar can lead to many operational difficulties, such as 
condensation at temperatures below 350–400°C, plugging of pipes and 
equipment, as well as the formation of carbon deposits on catalysts in 
downstream processing, even at very low concentrations [19, 49].  The 
accepted levels of tar in the conditioned gas should also be compatible with 
user-end applications [25]. 

There are several tar mitigation techniques such as scrubbing, catalytic 
cracking, thermal cracking (e.g. via partial oxidation), and plasma 
treatment [19, 24, 25, 50]. If the end use of the product gas requires near 
ambient temperatures, removal techniques such as wet scrubbing and 
filtration is feasible. No severe heat penalty (i.e., from cooling and  
re-heating) is incurred, so overall efficiency is unaffected. Wet scrubbing 
technology is available and can be optimized for tar removal.  

Cracking involves breaking molecules into small ones and in the case of 
tar, conversion into permanent gases [22]. Secondary hot gas cleaning via 
the catalytic steam reforming of tar was early on recognized to be one of 
the most efficient mitigation methods [19], improving carbon efficiency by 
converting tar to syngas components. This catalytic conversion technique 
considerably reduces wastewater treatment requirements compared with 
wet scrubbing. A more recent wet scrubbing technique (OLGA) uses oil to 
scrub tars and the oil and tar can get re-circulated to the gasifier, recovering 
the energy in the tar [51]. The disadvantage of this method is the need for 
cooling the gas prior to cleaning, decreasing the efficiency of the process. 
Catalytic steam reforming can also be thermally integrated with the gasifier 
exit gas temperature, for example catalytic steam reforming of 
hydrocarbons is well-suited for the 800–900°C temperature range [52-57], 
typical of fluidized-bed gasifier exit temperatures [32]. This allows for the 
tar mitigation process at temperatures close to those of the gasifier exit. 
Catalytic tar reforming is usually carried out in a separate fixed bed reactor 
downstream of gasifiers, operating under different process conditions than 
gasification unit [24, 32]. Additionally, steam can be added to ensure 
complete tar reforming [19] . A thermal cracking is also a hot gas 
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conditioning process, but it is energy intensive due to the high temperatures 
(>1100°C) required to achieve high conversion efficiencies. Thermal 
cracking also produces soot which is an unwanted impurity  [58]. The 
difficulties of achieving complete thermal cracking together with 
operational and economic considerations, often makes this route an 
unattractive option [30]. Plasma treatment also suffers from high energy 
requirement throughout the whole process and high operating and 
investment costs for large-scale biomass gasifiers [25].  

In terms of particulate removal, the fine carbon-containing ash particles are 
difficult to remove in cyclones. Filters are applied for separating the 
particulates from the gas which may cause erosion and plugging in 
downstream process equipment [32]. A barrier filtration method either 
using a baghouse (woven ceramic, polymeric or natural fibers) at low 
temperatures below 350°C or metallic or ceramic candle filters, suitable 
for moderate to high temperatures up to 700°C are therefore employed 
[15]. Alkali and heavy metals can also be removed using barrier filters after 
cooling the gas below alkali condensation temperature (i.e. 650°C) [15].  
Some issues related to filtration can be addressed by cooling the gas and 
lowering the gas velocities through filter [30]. However, temperatures 
should not be allowed to fall below the condensation temperature of tar 
(350-400°C) , which may lead to condensation of tar in dust cake and 
stickiness of dust [59]. Therefore, tar must be either removed before gas 
filtration (via dusty tar reforming), or hot gas filters with high temperatures 
must be used to remove particulates. In the latter case, at temperatures 
higher than 600°C, filter blinding may occur, resulting in pressure drop 
across the filter [60]. Furthermore, if a hot gas filter is used to remove 
particulates, the impurity levels will also depend on the filtration 
conditions including the temperature, as well as on the chemical and 
physical properties of the dust particles collected in the filter cake [26, 61, 
62]. Phenomena such as gradual buildup of the cake on the filter can have 
complex sorption effects that influence the levels of impurities reaching 
downstream units [26, 61-64]. 

Figure 2.4a shows a schematic view of the biomass gasification to syngas 
via two routes, dusty and clean tar reforming. Tar reforming in a dusty gas 
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(gas with particulates) is referred to as “dusty” and tar reforming carried 
out in a gas nearly free of particulates is referred to as “clean” tar 
reforming. A monolith catalyst is used in dusty tar reforming, whereas 
monolith or pelletized catalysts can be used in clean tar reforming.  

 

 

Fig. 2.4. a) Biomass gasification to syngas via “dusty” and “clean” tar reforming.  
b) Temperature changes in the dusty and clean tar reforming routes.  

Dusty tar reforming was fully commercially developed for synthetic 
natural gas (SNG) and power/heat production[17], and the catalyst is dust 
robust, preventing fouling issues since the monolith catalyst allows dust to 
pass through the channels [17]. The disadvantages of dusty tar reforming 
are a lower density of active materials and the exposure of the catalyst to 
impurities (e.g. silica and volatile alkali) that affect catalyst performance.  
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Clean tar reforming, on the other hand, was developed for chemical and 
fuel production applications [17]. In case of using monolith, there is lower 
density of active materials, whereas the disadvantage of clean tar reforming 
over a pelletized catalyst is sensitivity to dust and subsequent fouling and 
pressure drop issues. As shown in figure 2.4b, since the hot gas filter 
temperature ranges from well below to near the tar reformer temperature, 
there is a heat penalty lowering the efficiency of this route. In this case, it 
may be necessary to feed oxygen together with steam to the reformer to 
increase and achieve target operation temperature. An autothermal (steam) 
reforming (ATR), in which oxygen is added to a combustion zone before 
the catalytic reactor, may be a better choice of technology, taking into 
consideration the scale of operation and diameter of the reformer reactor. 
Another option for reformer in clean tar reforming is the staged reformer 
concept, developed by Simell et al. [59], in which the first stage  
(pre-reformer) operates at  partial oxidation (POX) mode to decompose 
soot-forming light hydrocarbons, followed by a final reformer stage 
operating at ATR mode.  

The trade-off in using the clean tar reforming route is between efficiency 
and impurity removal: if a well-below tar reforming temperature path is 
chosen, as indicated in figure 2.4b by black lines, most of the alkali and 
other impurities is condensed out in the filter but this pathway imposes a 
heat penalty, lowering the process efficiency. On the other hand, a near 
reformer temperature choice for hot gas filter, decreases the heat penalty 
at the expense of exposing the catalyst to for example higher levels of alkali 
compounds. Particulate removal in near tar reformer (gasifier exit) 
temperature, as indicated in figure 2.4b by dashed black line , is also a 
challenge considering the corrosion and material fatigue problems 
occurring at high temperatures for hot gas filters with the gas containing 
different impurities [20]. This area, calls for introduction of novel 
technologies such as higher degree of process integration (i.e. integration 
of catalytic tar cracking in a barrier filter), as well as better understanding 
of filter blinding mechanism [14, 59, 62, 65]. 

There are demo- and industrial-scale example of both dusty and clean tar 
reforming, as shown in table 2.3 together with the composition of the tar 
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reformer exit gas [17, 66]. Dusty tar reforming concept is also used in 
Kokemäki biomass gasification-based CHP plant [67]. No hot gas filtration 
technology in the range of 400–800°C was available for Skive and 
Kokemäki at the time of basic engineering of these plants. For this reason, 
the reformers were built on a massive scale so it can handle the high 
particle load [68]. 

There are other instances in which other tar mitigation techniques have 
been used downstream of fluidized-bed gasifiers. For example in the 
Göteborg Energi 20MW bio-methane GoBiGas plant in Gothenburg, 
Sweden, rapeseed methyl ester (RME) scrubber is used to remove the bulk 
of the tar, followed by regenerative carbon filters to remove the remaining 
light tars [18, 47]. 
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Table 2.3. Dusty and clean tar reforming at the demo- and industrial-scales [17, 66]. 
 

Skive-
Denmark 

GTI-  
Chicago 

Gasifier Bubbling 
fluidized-bed, 
air-blown, 1–3 

barg 

Bubbling fluidized- 
bed, oxygen-steam  
(+CO2) blown, 6–9 

barg 
Application Combined heat 

and power, gas 
engines 

Gasoline synthesis 

Tar reformer Dusty Clean 
Operation since 2009, tar 

reformer 
revamp in 2014 

1200 h 

Inlet gas temperature, 
°C 

850–930 750–950 

Inlet H2S level, ppmv 40 30–160 

Tar reformer exit gas 
composition 

  

Major components, 
vol % 

  

N2 40 <0.5 
CO 20 16 
CO2 12 30 
H2 14 18 
CH4 4 1 
H2O 10 36 

 

2.1.2.2 Water-gas shift (WGS) 

Raw synthesis gas needs to be adjusted depending on its user-end 
application. Biomass gasification gas typically has an H2/CO ratio lower 
than 2, which needs to be adjusted to the stoichiometry of synthesis 
reactions. H2/CO ratio can be increased by means of a water-gas shift 
(WGS) reaction. After steam reforming step, the conditioned gas 
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undergoes high-temperature (HT) (350–500°C) or/and low temperature- 
(LT) (around 200 °C) WGS reactions. An Fe-based catalyst is typically 
used as the HT WGS catalyst. Thermodynamically, it is preferable to 
operate at low temperatures but the Fe-based catalyst is not sufficiently 
active at temperatures of approximately 200°C. However, this choice of 
catalyst is inexpensive, resistant to sintering, and has a certain sulfur-
tolerance [3]. High-activity Cu-based catalysts are the choice for LT WGS 
and are used after HT WGS to further convert CO. Cu is highly sensitive 
to sulfur poisoning [3]. If the desulfurization step is installed after WGS 
step, due to sulfur content in syngas, Cu-based catalysts are not an option. 
Due to low sulfur content of biomass gasification gas, high-temperature 
iron-based WGS catalysts may be used for WGS. Due to the low sulfur 
content in product gas, sulfur-resistant catalysts such as Mo-sulfide and 
Co-sulfide, are limited to low temperature since they otherwise participate 
in hydrolysis or hydrogenation reactions and loose activity [3, 17]. 
Therefore, if several shift reactors are required, a combination of low and 
high temperature WGS catalyst may be needed downstream of dusty/clean 
tar reforming to achieve the desired H2/CO ratio. 

2.1.2.3 Removal of other impurities and trace components 

Besides the tar abatement, particulate removal, and WGS, the producer gas 
must be further cleaned and suitable for downstream devices [26, 69]. The 
accepted levels of these impurities depend on the syngas application. For 
example, the accepted sulfur level for energy production in gas turbines is 
less than 20 ppmv, whereas for chemical processes (e.g. Fischer-Tropsch 
synthesis) the sulfur level is limited to less than 0.01 ppmv. Compounds 
such as COS and HCN are converted via hydrolysis to H2S and NH3. H2S, 
NH3, HCl, alkali, and alkaline metals are removed by means of sorbents at 
low temperatures [70-72]. An alternative for abatement of H2S is mixed 
metal oxides [25].   

After the steps mentioned, the syngas only contains trace amounts of 
poison. There are few industrial instances of final gas purification 
downstream of biomass gasification process and the summary of some 
examples can be found in Andersson et al. study [17]. 
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2.1.3 Catalytic (steam) tar reforming 

Catalytic tar reforming has been recognized as an attractive hot gas 
conditioning method that mitigates tar with lower heat penalty than the 
low-temperature scrubbing, high-temperature cracking, or plasma 
technologies previously described. As described in previous sections, there 
are two types of tar reforming, dusty and clean, referring to raw producer 
gas with and without particulates. This section briefly describes the 
kinetics and mechanisms of catalytic (steam) tar reforming, as well as the 
choice of catalyst and the effects of sulfur and potassium on the 
performance of nickel-based catalysts. 

2.1.3.1 Kinetics and mechanism  

Catalytic tar reforming can be divided into dry or wet reforming as shown 
in reaction 2.8 and 2.9. For syngas applications intended for hydrogen-rich 
gas production, wet reforming using steam is preferred. Tar (steam) 
reforming involves the oxidation of tar compounds,  using steam to 
produce hydrogen and carbon oxides, and the reaction pathway can be 
described as follows [34, 73]: 

 

𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦 + 𝑥𝑥𝐻𝐻2𝐶𝐶 → 𝑥𝑥𝐶𝐶𝐶𝐶 + (𝑥𝑥 + 𝑦𝑦
2

)𝐻𝐻2 Steam reforming (Eq. 2.8) 

𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦 + 𝑥𝑥𝐶𝐶𝐶𝐶2 → 2𝑥𝑥𝐶𝐶𝐶𝐶 + 𝑦𝑦
2
𝐻𝐻2         Dry reforming (Eq. 2.9) 

                       

Equations (2.5), (2.6), and (2.7) are also important to consider. 

The extents of these reactions are dependent on the operating conditions. 
All tars are converted into CO and H2 in an irreversible steam reforming 
reaction, whereas steam, carbon monoxide, and carbon dioxide reach 
thermodynamic equilibrium. If the final desired product is synthetic natural 
gas (SNG), one might want to limit methane steam reforming. The 
competing heterogeneous reaction for the steam reforming of tar is carbon 
formation [73], as will be described further below.  
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In general, the mechanism for the steam reforming of hydrocarbons is that 
the hydrocarbons dissociatively adsorbs on the metal, forming CXHY 
species, while the steam dissociatively adsorbs on the support or on the 
metal, forming OH-species, that then react at the interface of metal and 
support with the CXHY species, and finally forming  CO, CO2, and H2  
[74, 75].  In methane steam reforming, it has been shown that the 
mechanism proceeds as described above for hydrocarbons [75]. In catalytic 
steam tar reforming, one of the proposed mechanisms by Kaewpanha et al. 
[76] is that tar molecules are broken down to lighter molecules and 
reformed to syngas on the active sites as shown in figure 2.5, step 1 and 2, 
and at the same time, tar molecules are decomposed and formed radicals 
on the surface, generating coking on the catalyst (figure 2.5, step 3).   

 

 
Fig. 2.5. Proposed mechanism for catalytic steam tar reforming over a metal oxide catalyst, 
adapted from Ref. [76]. 

Kinetic models of tar reforming are mostly simplified by selecting model 
compounds such as toluene and naphthalene, or by considering the 
catalytic tar removal as a single reaction, in which all tar components are 
treated as one group, removed by several simultaneous reforming and 
cracking reactions [77-79]. 

Recent surface science related experimental and theoretical studies have 
described the mechanism and structural detail of hydrocarbon and aromatic 
compounds dehydrogenation [80-82], which can be associated with 
mechanisms involved in catalytic tar reforming on active metals. For 
instance figure 2.6 shows a proposed mechanism for five elementary steps 
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of the naphthalene catalytic chemical reaction pathway into graphene, 
based on molecular dynamics modeling [82]. Altogether, the mechanism 
for the steam reforming of heavy tars is still unclear and the proposed 
mechanisms are not generally close to realistic conditions.  

 

 
Fig. 2.6. Five elementry steps from naphthalene to graphene formation on nickel catalyst; 
adapted from Ref. [82]. 

2.1.3.2 Catalysts 

The fundamental features of an effective catalyst for tar removal are tar 
removal activity, methane steam reforming for production of syngas 
molecules, resistance to coking and sintering, easy regeneration, 
robustness and low cost [33, 58]. Several different catalysts, synthetic as 
well as mineral-based, exist for catalytic tar conversion. Transition metals 
are considered good catalysts for the steam and dry reforming of methane 
and hydrocarbons. Although Rh-, Ru-, Pd-, and Pt-based reforming 
catalysts outperform Ni in terms of activity, due to its favorable cost-to-
activity ratio, Ni-based catalysts continue to be the most frequently studied 
materials for steam reforming downstream of biomass gasifiers [19, 25, 32, 
50, 58, 83]. Some recent studies have also investigated the synergetic effect 
of the combination of active nickel and other metals, such as cobalt, and 
all the results indicated that with the optimum compositions of active 
metals, the performance of bi-metallic catalysts was higher than that of 
monometallic Ni catalysts in terms of activity in the steam reforming of 
biomass tar [84-86]. These studies are recent and the application of such 
catalysts are still under development.  
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2.1.3.3 Nickel-based (steam) tar reforming 

Ni-based catalysts for tar reforming downstream of gasifiers are exposed 
to particulates and a  number of  inorganic trace components, such as alkali, 
sulfur, phosphor and chloride species, as well as other trace elements [25-
27, 87].  As mentioned earlier, the level of inorganic impurities in the 
biomass gasification gas depends on several parameters, such as the 
gasification technology employed, the process conditions of the given 
gasifier, the type of biomass, and the choice of technology for gas cleaning 
upstream of the catalytic reactor. Important issues concerning nickel 
catalyst performance and life time in steam reforming are briefly described 
in the next section. 

2.1.3.3.1 Main challenges  
The main challenges of nickel catalysts in steam reforming that affect the 
activity of catalyst  have been recognized to be sulfur poisoning, carbon 
formation, and sintering, all of which are interconnected [53].  

Sintering: In the process of sintering, fewer and larger metal particles are 
formed either by Ostwald ripening or cluster migration coalescence. 
Sintering affects catalyst activity, sulfur poisoning and carbon formation. 
The coking limits are affected by the nickel particle size, the nickel surface 
area determines the sulfur capacity, and the activity is related to nickel 
particle size. Sintering is primarily caused by the elevated temperature, 
high metal loadings or high H2O partial pressures [53]. For the steam 
reforming of Ni/MgAl2O4, catalyst thermal sintering is typically significant 
for the first 200 run hours of operation, and generally levels off to fairly 
low sintering rates after approximately 500–600 hours [53, 88].  

Carbon formation: Carbon formation may increase the pressure drop, 
crush the catalyst, and block active sites. Therefore, the limit for carbon- 
free operation is important [2] . Three types of carbon formation have been 
observed in reformers: pyrolytic, gum, and whisker carbon. Pyrolytic and 
whisker carbon formation are problematic at high temperatures and gum 
carbon formation at low temperatures [2]. The temperature window in 
which carbon-free operation occurs increases with an increasing  
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steam-to-carbon ratio [2]. Whisker carbon is the most destructive type of 
carbon and a major problem for steam reforming; its formation is 
thermodynamically limited in the case of equilibrated gas but it can also be 
kinetically formed from higher hydrocarbons [2]. In summary, using the 
principle of equilibrated gas (thermodynamics), one can predict whether 
there is an affinity for carbon formation in methane steam reforming, while 
using principle of actual gas (kinetics), one can say if the operation is in 
the no-carbon formation zone. For hydrocarbons higher than methane, it is 
shown that the rate of carbon formation depend strongly on the type of 
hydrocarbon (figure 2.7) [89] and for aromatic compounds, it is known that 
the tendency toward coke formation grows as the molecular weight of the 
aromatic compounds increases [73] .  

 

 
Fig. 2.7 Rate of carbon formation for different hydrocarbons (H2O/C= 2 mol/atom, 1 bar, 
500 °C) [89]. Reproduced with the kind permission of Dr. Jens Rostrup-Nielsen. 

Impurities: Whereas Cl and NH3 do not seem to affect the reforming 
performance of the Ni catalyst [90, 91], other impurities such as sulfur and 
alkali compounds play an important role in the activity of tar reforming 
nickel-based catalysts. Based on chemisorption of H2S on different 
catalytic metals at the, nickel is the most sensitive metal to sulfur compared 
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to other metals with the following order in terms of Gibbs free energy of 
formation, ΔGo (kJ/1

2
 mol S2): Ni > Ir > Co > Ru > Cu > Fe> Pt [92]. 

Therefore, the sulfur adsorption capacity of nickel under reforming 
conditions is an important parameter. Adsorption isobar data were 
published by Alstrup et al. [93] for determining the sulfur coverage at 
different temperatures, and sulfur chemical potentials in gas and are shown 
in figure 2.8.  

 

 

Fig. 2.8. Sulfur adsorption isobars [93]. 

Figure 2.9 shows the specific activity of Ni-based catalyst and the impact 
of sulfur on the catalyst activity. The rates are compared by referring to 
free nickel surface using a Maxted model for poisoning [94]. The intrinsic 
rate of poisoned catalyst (Rsp) is around two order of magnitudes less than 
of the rates for non-poisoned catalyst (R0

sp) [2].  
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Fig. 2.9. Impact of sulfur on reforming reactions [94].  

The sulfur coverage distribution in a reformer is complex due to axial and 
radial changes in temperature and hydrogen partial pressure. Although, the 
chemisorption of sulfur on nickel is very rapid, diffusion restrictions are 
present in industrial reactors, so a sulfur gradient exists in catalyst pellets 
and the diffusion limitations have complex effects on the transient sulfur 
profiles. The sulfidation of the catalyst particles progresses in a profile 
from the outer shell toward the center of the particle, as well as in a front 
moving  through the catalytic bed [95]. 

Nevertheless, sulfur tends to retard the formation of whisker carbon above 
certain coverages [2, 53, 94, 96]. Table 2.4 shows the result of a study in 
which a series of experiments was performed with different sulfur contents 
in gas at conditions in which carbon formation was predicted [95]. The 
results indicate the existence of a threshold content of sulfur below which 
carbon formation occurs. Sulfur-passivated reforming (SPARG) process 
was developed from relevant fundamental and pilot-scale  
studies [97].  
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Table 2.4. Series of bench-scale tests for sulfur passivated reforming: optimum sulfur 
content below which carbon formation occurs, Tin= 793 K, feed flows for H2O, H2, CO, 
CO2, and CH4 were fixed; adapted from Ref. [95]. 

Experiments  No.1 No.2  No.3 No.4 
H2S, ppmv 1 5 14 28 

CH4 (dry exit), % - 0.36 0.7 0.71 
Carbon formation yes no no no 

 

Sulfur-passivated reforming studies by Jens Rostrup Nielsen [94] revealed 
that the stronger dependence of the coking rate on sulfur coverage than on 
the reforming rate is the result of the larger number of sites needed for 
carbon formation than methane steam reforming [94]. As sulfur coverage 
increases, the potential for carbon formation decreases on   
sulfur-passivated catalysts than on sulfur-free catalysts [94].  
Sulfur-passivated methane steam reforming is shown in a simple schematic 
in figure 2.10 for three different cases. Case 1 is for low sulfur coverage, 
in which both steam reforming and carbon formation occur. Case 2 
describes a scenario in which sulfur coverage is a monolayer (θs=1), 
leading to full catalyst deactivation. The optimal case is number 3, where 
steam reforming prevails with no whisker carbon formation due to the 
partial sulfidation of nickel. In a study by Koningen et al. [98] , sulfur-
passivated methane steam reforming in the biomass producer gas was 
possible without carbon formation. The point here is that at temperatures 
above 800°C and typical H2S levels in biomass gasification gas, the nickel 
surface is not completely covered with sulfur and still has significant steam 
reforming activity. 
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Fig. 2.10.  Schematic of sulfur-passivated methane steam reforming on a Ni catalyst, 
based on the work published by Jens Rostrup-Nielsen [94, 99]. Reproduced with the kind 
permission of Dr. Jens Rostrup-Nielsen. 

An alternative explanation for why sulfur passivation retards whisker 
carbon formation was presented by Bengaard et al. [100] DFT calculations, 
indicating that the lowest energy barriers for methane reforming are on the 
step sites rather than the terraces, suggesting the step sites to be more active 
toward methane reforming. It was demonstrated that the stronger binding 
of sulfur to step sites and the fact that carbon nucleates only at step sites 
explain the decrease in carbon formation rates with increasing sulfur 
coverage. However, the authors also mentioned that rate of methane 
reforming may be controlled by terrace sites rather than step sites at the 
high temperatures of steam reforming [100]. 
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Potassium in K-promoted nickel catalysts increases the resistance to 
carbon formation [2, 101]. Bengaard et al. [100] demonstrated that the step 
site blocking effect of potassium promotes the catalysts in terms of higher 
tolerance toward carbon formation.  However, it was also demonstrated 
that potassium, above a certain threshold concentration, decreases the 
steam reforming activity [2, 53]. Potassium may also constrain 
hydrocarbon C–H bond dissociation [102]. Optimally, catalysts promoted 
with sulfur and potassium will have just enough additives to block coke 
formation and still proceed at sufficient reaction rates [100]. Very few 
studies examine the effect of gas-phase alkali on tar reforming catalysts 
[56, 57, 91, 103]; in summary, these studies observe a general deactivation 
of reforming reaction and loss in the surface area of nickel. Nevertheless, 
a limitation in all these studies is the method used to investigate the 
influence of K on catalyst, which is different from actual mechanisms of 
potassium transport, deposition and equilibration on the catalyst [91]. In 
addition, few of these studies were performed under exposure to real 
producer gas from biomass [103], as well as none were investigated under 
realistic steady-state conditions [56, 57, 91, 103].  
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2.2 Biomass pyrolysis to syngas route 

Another interesting possibility, as shown earlier in section 2.1, is to convert 
biomass via a pyrolysis process. Pyrolysis is the thermochemical 
decomposition of organic matter in the absence of oxygen, which converts 
biomass into char, gas, and liquid known as bio-oil or bio-crude [104] 
[105-108]. There are several examples of pyrolysis reactors in 
demonstration- and industrial- scale around the world [109]. Char, gas, and 
bio-crude from biomass pyrolysis can be utilized for different applications 
as shown in figure 2.12. Gases can be used to be combusted and provide 
energy for the pyrolysis process [33]. The char can be combusted to 
provide energy, or be used as for example soil amendment and activated 
carbon [110]. Bio-crude is considered a platform feedstock that can be 
converted via hydrodeoxygenation (HDO) into liquid hydrocarbon 
products or to synthesis gas by steam reforming.  

 

Fig. 2.11. Biomass pyrolysis route to syngas; adapted from Ref. [21]. 

The pyrolysis bio-crude, i.e., the liquid condensate consisting 
predominantly of oxygenated organic compounds (oxygenates), is 
problematic to handle and exploit, so oxygenates must be 
removed/converted. HDO and steam reforming of bio-crude industrial 
implementation is limited due to severe coking and deactivation of the 
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catalytic processes as well as carbon laydown and catalyst deactivation due 
to troublesome oxygenate compounds (e.g. heterocycles, phenols, and 
methoxy phenols) [21]. Section 2.2.1 and 2.2.2 present a brief overview of 
biomass pyrolysis and bio-crude steam reforming and describe, from a 
process perspective, a possible process technology to overcome the 
mentioned disadvantages of the steam reforming of bio-crude.  

2.2.1 Biomass pyrolysis 

Biomass pyrolysis can be divided into conventional or slow pyrolysis, 
intermediate pyrolysis, and fast/flash pyrolysis (table 2.5). This somewhat 
arbitrary classification, is mainly related to the strong effect of the heating 
rate on product distribution. Generally, lower process temperature and long 
vapor residence time increase the char yield, whereas high temperature and 
long residence time increase the gas yield. Moderate temperature and short 
vapor residence time favors production of liquids. Fast pyrolysis is of 
particular interest due to its high yields of liquid (bio-crude), which can be 
used in various applications [110].  

 

Table 2.5. Temperature ranges and heating rates for slow, intermediate, and fast pyrolysis 
[111]. 

Type of pyroysis Slow Intermediate Fast 

Temperature, K 550–950 500–650 850–1250 
Heating rate, K/s 0.1–1.0 1.0–10 10–200 

 

The biomass pyrolysis mechanism is not well understood. Nevertheless, 
details of reaction involved in biomass pyrolysis pathways for cellulose, 
hemicellulose, and lignin are available in several reviews and studies [112, 
113]. Bio-crude can be produced in different types of reactors ranging from 
entrained-flow to ablative and fluidized bed systems. It consists of many 
different oxygenate compounds, with distribution among them varying 
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depending on type of feedstock and the pyrolysis operating  
conditions [110].  

The complex nature of bio-crude requires several analytical techniques for 
complete characterization such as GC-MS HPLC, GPC and FTIR [110]. 
The average composition of bio-crude from softwood together with typical 
properties of bio-crude can be found in table 2.6. The bio-crude has higher 
energy density than biomass and is therefore more fit for transport as the 
transportation cost will be much lower compared with biomass [114]. It is 
important to know the chemical composition of bio-crude since it gives 
insight into the type of downstream processing is needed. A high content 
of oxygen in bio-crude results in low heating value, high acidity, and 
instability [21]. The sulfur content of bio-crude is much lower that of fossil 
crude oil, but as it is non-negligible, it may still be problematic for 
downstream catalytic processes and thus needs to be handled.  

 

Table 2.6. Typical properties of bio-crude and average composition of bio-crude from 
softwood mixture [21, 115].  

Composition Softwood 
mixture 

 
Property Typical 

values 
Water, wt% 30–35 Moisture, % 20–30 
Acids, wt% 3–27 pH 2–3 
Others, wt% 2–27 C, wt% db 56.00 
Sugars, wt% 4–7 H, wt% db 7.00 
Phenols, wt% 1–3 O, wt% db 37.00 
Lignins, wt% 13–32 N, wt% db 0.10 
PAH, wt% 3 Ash, wt% db 0–0.2   

Viscosity, cP 40–100   
Particulates, wt% < 0.3–1 

db: dry basis cP: centipoise 
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2.2.2 Bio-crude steam reforming 

Bio-crude steam reforming produces syngas which can then be converted 
into a range of fuels. One of the applications for this technology would be 
to have number of small plants that produces bio-crude, which then is 
transported to a large central bio-refinery where bio-crude is converted into 
syngas and the desired final product [116]. Steam reforming of bio-crude 
is an extension of a well-established technology for steam reforming of 
fossil fuels. For full conversion of bio-crude, temperature range between 
600–800°C is needed, depending on the other operating conditions  [21].  
This technology for bio-crude has been tested over different catalysts and 
reactor setups and a summary of the catalysts and operating conditions 
used for bio-crude steam reforming can be found in Trane et al. [21] study. 
Catalysts used are from base to noble metals, although nickel catalysts are 
favored. The reactors used in steam reforming of bio-crude range from 
fixed bed with trickle flow or liquid spray injection to fluidized beds. It has 
been shown that steam reforming of bio-crude in fixed bed reactors 
required a catalyst regeneration step after short period of time-on-stream 
[117]. Catalysts are more stable in the fluidized bed reactor compared to a 
fixed-bed reactor due to better contacting of the catalyst particle with steam 
[33]. However, problems exists for this choice of technology, such as 
catalyst attrition and the time of stable operation being far from what would 
be required for an industrial process [33]. 

The reaction which occurs in steam reforming of bio-crude consists of a 
large and complicated reaction network. Thermal decomposition and steam 
reforming are probably the most important reactions [21]. Oxygenate 
steam reforming is generally expressed by  [21] : 

𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚𝐶𝐶𝑝𝑝 + (2𝑛𝑛 − 𝑝𝑝)𝐻𝐻2𝐶𝐶 → 𝑛𝑛𝐶𝐶𝐶𝐶2 + (2𝑛𝑛 − 𝑝𝑝 +
𝑚𝑚
2

)𝐻𝐻2 (Eq. 2.10) 

  
Thermal decomposition is expressed by: 

𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚𝐶𝐶𝑝𝑝 → 𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦𝐶𝐶𝑧𝑧 + 𝑔𝑔𝑎𝑎𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (Eq. 2.11) 
 

 



Biomass pyrolysis to syngas route | 39 
 

Thermal decomposition of the bio-crude produces coke. Coking causes 
catalyst deactivation and lowers the hydrogen yield. Deactivation due to 
coking is one of the major problems and bio-crude has more deactivation 
problems than petroleum-derived feedstocks [33].  Many of the 
compounds in bio-crude are thermally unstable at temperatures of steam 
reforming and therefore reaction (2.10) competes with reaction (2.11), 
even at gas phase prior to entering the catalytic bed [118]. Deactivation 
mechanisms in the SR of bio-crude are similar to those in the conventional 
steam reforming such as sintering, carbon deposition, and sulfur poisoning 
[21]. Alkali and phosphor compounds can be present in the bio-crude, 
deposit on the catalyst, and may also cause deactivation [119, 120]. 

Bio-crude cannot be vaporized without leaving a significant amount of 
residue prior to reactor and rapid heating can cause thermal decomposition 
[21]. In order to minimize this carbon deposition, different experimental 
setups have been investigated. In the following subsection, one of this 
possibilities is introduced. 

2.2.2.1 Pre-reforming technology   

To avoid thermal decomposition reaction (equation 2.11) which leads to 
coke formation, a pre-reformer concept is useful. The initial coke 
formation from heating the bio-crude could be decreased as the reactor 
inlet temperature would be much lower (350–500°C) compared with a 
single step reformer, where temperatures between 600–800°C are needed 
for full conversion of bio-crude [21]. Carbon formation might still be a 
problem at pre-reforming temperatures as it is found that carbon formation 
in the steam reforming of oxygenates decreases with increasing 
temperature [118, 121]. However, carbon formation might be 
circumvented in the low temperatures of pre-reforming as shown in steam 
reforming of ethanol and acetic acid at low temperatures, resulting in low 
carbon laydown and reaching extended stable operation time [122-124]. 
Additionally, high steam-to-carbon ratio can be used as it is beneficial to 
the suppression of coking [95]. From the industrial point-of-view, high 
steam-to-carbon ratio is expensive and therefore an optimized catalyst and 
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reactor conditions are needed to achieve low carbon laydown at low  
steam-to carbon ratio [21, 75]. 

A two reactor plant consisting of a pre-reformer and reformer is an analogy 
to a conventional steam reforming plant. Figure 2.13 shows schematic and 
simplified naphtha reforming plant with a pre-reformer installed. The use 
of a pre-reformer in naphtha reforming eliminates the problems relating to 
carbon formation from higher hydrocarbons in the reformer [89]. A 
hydrodesulfurization (HDS) process here consists of a two-step process, 
hydrogenating the sulfur compounds and then absorbing the formed H2S. 
In the case of bio-crude reforming, the pre-reformer requires a catalyst that 
could convert the bio-crude to C1-species fully and be resistant to carbon 
formation and catalyst poisons. The desulfurization unit can be placed after 
the pre-reformer if the pre-reformer catalyst is sulfur resistant, but having 
a desulfurization unit between the reformers will impose heat penalty and 
is not economical. However, a desulfurization unit is necessary if a 
traditional steam reforming catalysts are used in the reformer reactor [21]. 
It is important to point out that depending on the end use of syngas, there 
may be a need for additional conditioning. For example, for high 
conversion to hydrogen, a separate shift reactor downstream operating at 
lower temperature is needed which is explained previously in section 2.1.  

 

 

 



Biomass pyrolysis to syngas route | 41 
 

 

Fig. 2.12. Typical installation for a 2 stage pre-reformer and reformer in naphtha 
reforming plant; adapted from Ref. [89]. 

Once condensed, the re-evaporation of thermally labile bio-crude is 
difficult as bio-crude is very reactive and cause fouling of pipes [125] and 
condensation step after pyrolysis is disadvantageous for the heat recovery 
of the entire process [33]. Therefore, another advantage of a two reactor 
bio-crude steam reforming is that the pre-reformer temperatures are close 
to pyrolysis reactor exit temperatures and therefore bio-crude can be 
directly reformed without condensation of an unstable bio-crude. 
Additionally, a pre-conditioning step, similar to pre-reforming of the raw 
pyrolysis product prior to main reforming steps can have other benefits as 
a mild (or partial) deoxygenation of bio-crude lowering the pyrolysis gas 
dew point temperature, thus lowering the risk of undesired condensation in 
the process equipment, and also reducing the corrosive and polymerizing 
power of the condensate [126, 127].  
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3 Experimental 

3.1 Biomass-derived trace elements parametric 
study 

3.1.1 Experimental setup and general procedures  

During the experimental study of tar reforming, a bench-scale gasification 
system was used. This system was developed at KTH [128] and it is 
described in detail in paper I & II. The schematic sketch of the gasification 
system is displayed in figure 3.1 indicated by “A”. It consists of 5 kW 
atmospheric bubbling fluidized bed (ABFB) gasifier, a high temperature 
hot gas ceramic filter, a fixed bed catalytic reactor, a gas cleaning unit and 
an analytic section. All three reactor vessels are externally heated and all 
the piping connections are trace heated and insulated for isothermal 
conditions. Biomass is fed into the fluidized bed with a screw feeder. The 
raw producer gas is fed to the reformer after passing through the hot gas 
filter [64].  

The inlet and outlet temperatures of the catalytic reactor were controlled 
by thermocouples in order to prevent a temperature gradient. The  
Haldor Topsoe A/S Ni-catalyst was crushed and sieved; the 3-6 mm sieved 
fraction were used in the tests mixed with inert filler. Sampling points for 
tar, indicated as “SPA” (solid phase adsorption), and permanent gas were 
located before and after the catalytic reactor. The system labeled as “B” in 
figure 3.1 was for precise dosing of alkali salts into the stream. Alkali salt 
compounds were produced by aerosol generator (Constant Output 
Atomizer model 3076, TSI Inc.), passed through a homemade diffusion 
dryer and get mixed with the dust-free raw produces gas. The produced 
droplets excess moisture was removed by diffusional capture in the dryer. 
The generated aerosol particles were then transported through tubes to the 
filter vessel where they evaporated into its molecular constituents as they 
enter the heated reactor. The section labeled as “C” in figure 3.1 is for the 
pre-treatment step, explained in chapter 4. It comprises of a steam 
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generator connected to the gasification system via an externally heated 
pipe and a feeding line of hydrogen sulfide mixture. It is important to note 
that both H2S and alkali compounds were added after the filter to ensure 
fixed dosing rates are not affected by complex sorption effects on the filter 
cake as it gradually builds up. All cooling and heating of the catalytic 
reactor were carried out in a N2 environment to minimize any oxidation or 
other changes of the catalyst surface properties. 

 

Fig. 3.1. Schematic figure of the biomass gasification setup at KTH. (1) Dusty raw producer 
gas, (2) dust-free raw producer gas, (3) conditioned producer gas (4) dry tar-free producer 
gas (5) dry KCl salt particles. (A) Section consisting of a atmospheric bubbling fluidized 
bed (ABFB) gasifier, high temperature hot gas filer, a fixed bed catalytic reactor, a gas 
cleaning unit, and an online gas chromatography. “SPA” indicates where the tar samples 
are taken. (B) Section consisting of an aerosol generator and a diffusion dryer. (C) Section 
consisting of a steam generator and a H2S gas bottle. 
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3.1.2 Methodology  

3.1.2.1 Activity tests 

The methodology developed and implemented in activity tests is separately 
presented in section 4. Below is description of the methods used. 

3.1.2.2 Aerosol characterization 

To prove that alkali aerosol dosing was performed under realistic 
conditions and that the introduction of alkali was introduced in a  
well-controlled, repeatable environment, several characterization tests 
were performed. Particle number size distribution of the aerosol generator 
was verified before experiments with different alkali solution 
concentrations using scanning mobility particle sizer (SMPS),  
(TSI Inc., model 3936). This determines the size and number concentration 
of aerosol particles based on their electrical mobility in air. The calibration 
of alkali aerosol mass concentration was performed in a separate sets of 
experiments and described in paper I. The prepared alkali solution at each 
concentration corresponds to a specific gas phase concentration level, 
assuming all alkali evaporates into the gas phase which is a fair assumption 
as described in section 4. 

3.1.2.3 Catalyst characterization 

Various techniques were used to characterize the fresh and spent catalyst. 
The surface area measurements were performed and calculated by means 
of N2 adsorption/desorption (Micromeritics, ASAP 2000) and  
Brunauer-Emmett-Teller (BET) method with data collected at relative 
pressures between 0.06 and 0.2. This method is described in detail in 
papers I and II. The total sulfur and carbon content on the catalyst surface 
was determined by IR quantification of sample high-temperature oxidation 
generated SO2 using a LECO, CS230 series and ELTRA, CS-2000 series 
instruments. The K content of the catalyst was measured using atomic 
absorption spectrometry (AAS), (PerkinElmer, model 1100 B AAS 
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analyzer) and the description of the technique is described in detail in  
paper I. 

3.1.2.4 Tar and gas analysis 

The tar samples were collected and analyzed using the SPA method [36]. 
The composition of the dry, tar-free biomass gasification gas was 
determined using an online micro-GC (Thermo Scientific, C2V-200). The 
components measured is H2, CO, CO2, CH4, N2, and C2+. For measurement 
of hydrogen sulfide in biomass gasification gas, two samples of dry tar-
free gas were collected during the experiments in gas bags and sent to the 
SP Technical Research Institute of Sweden for analysis. The analysis was 
based on laser IR spectrometry. 

3.1.2.5 Thermodynamic calculations 

To determine the most abundant alkali species in the realistic producer gas 
composition with addition of different alkali concentrations, 
thermodynamic equilibrium calculations were performed using the NASA 
Chemical Equilibrium with Applications (CEA) Code program [129]. The 
program determines the minimum total free energy configuration by 
changing the relative amounts of given species among a broad set of 
candidates. Calculation of the water content in biomass gasification gas 
was based on the water-gas shift equilibrium (WGS), as shown in 
equations (3.1) and (3.2): 

CO + H2O ↔ CO2 + H2 ,                                                           (Eq. 3.1) 

𝐾𝐾𝑒𝑒𝑒𝑒 = [𝐶𝐶𝑂𝑂2][𝐻𝐻2]
[𝐶𝐶𝑂𝑂][𝐻𝐻2𝑂𝑂]

  .            (Eq. 3.2) 

3.1.3 Materials  

Pine pellets in the size range of 1.5-2 mm were used for gasification. The 
results of ultimate and proximate analyses for the feedstock are reported in 
papers I and II. The bed material used in the fluidized bed was dense  
alpha-alumina (350 g) with a particle size of 63-125 µm and density of 
3960 kg/m3. In the experimental campaigns, inert silica free filler 
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(Vereinigte Füllkörper-Fabriken, DURANIT® Inert Balls D99 with the 
size of 1/8”) was used with the studied catalyst. It is important to choose 
fillers with a low silica content because silica is volatile at high 
temperatures and steam pressures and may deposit on the catalyst surfaces 
[2]. It is also important that the inert fillers have low surface area and small 
pore volume. The steam reforming catalyst was a Ni/MgAl2O4 catalyst 
(HT-25934, Haldor Topsoe A/S). 

3.1.4 Data treatment and analysis  

3.1.4.1 Sulfur coverage  

The actual sulfur coverage, θs, on the Ni-based catalyst was determined by 
the equilibrium reaction in equation (3.3) and is therefore given by the 
H2S/H2 ratio and temperature. It can be calculated using isobars for the 
chemisorption of H2S on Ni catalysts using equation (3.4) [93]. 

 

H2S (g)  H2 (g) + Ssurface (Eq. 3.3) 

𝜃𝜃𝑠𝑠 = 1.45− 9.53 × 10−5𝑇𝑇 + 4.17 × 10−5𝑇𝑇𝑇𝑇𝑛𝑛(𝑃𝑃𝐻𝐻2𝑆𝑆 𝑃𝑃𝐻𝐻2
� ) (Eq. 3.4) 

 

For values of 𝜃𝜃𝑠𝑠 very close to 1 and at very low coverages, the model is 
less accurate (see figure 2.9). 

3.1.4.2 Conversion  

The catalyst activity was determined by evaluating the conversion (Xi) of 
hydrocarbon samples collected before and after the reformer. The 
conversion was calculated according to equation (3.5): 

𝑋𝑋𝑖𝑖 = 1 −
𝑁𝑁𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜
𝑁𝑁𝑖𝑖,𝑖𝑖𝑛𝑛

 (Eq. 3.5) 

                                        

, where Ni is the number of moles of species i. 
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3.1.4.3 Activation energy  

The activation energy of desorption for potassium was calculated from the 
desorption rates determined by SR-TAD, assuming a first-order reaction, 
Arrhenius temperature dependence, and the amount of potassium on the 
sample surface not changing noticeably. The flux of desorbing potassium 
is therefore expressed by equation 3.6: 

𝐹𝐹 = 𝑣𝑣𝐹𝐹𝑥𝑥𝑝𝑝 (
−𝐸𝐸𝑑𝑑𝑒𝑒𝑠𝑠
𝐾𝐾𝑏𝑏𝑇𝑇

) (Eq. 3.6) 

 

Where, 𝐹𝐹 is the desorption rate (signal measured using SR-TAD), 𝐸𝐸𝑑𝑑𝑒𝑒𝑠𝑠is 
the activation energy of desorption (eV), 𝑣𝑣 is pre-exponential factor (s-1), 
𝐾𝐾𝑏𝑏 is the Boltzman constant (eV/K), and 𝑇𝑇 is temperature (K). The 
Arrhenius plots was then constructed from potassium thermal desorption 
data (ln(s) versus 1/T) and the desorption energies of potassium atoms were 
calculated from the linear part of the plot as shown in figure 3.2. 

 

 

Fig. 3.2. Desorption activation energy calculated using TPD data. 

3.1.4.4 Mass transfer calculation 

External and intra-particle mass transfer limitation were evaluated for 
methane and tar, in this case, naphthalene. The estimation was performed 
using 2 criteria, Mears and Weisz-Prater.  
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Weisz-Prater (Mw) criterion: The Mw criterion is used to determine the 
limits for negligible and strong pore diffusion resistance. It is useful for 
interpreting the catalyst activity toward methane and tar reforming because 
it includes only observables. Narváez et al.[41] used a model of overall tar 
elimination that is the first-order reaction. Furthermore, Depner et al. 
[130], experimentally observed that the reaction order for naphthalene and 
methane reforming is one. It is therefore possible to use the Mw equation 
(3.7) [131]: 

 

𝑀𝑀𝑊𝑊 =
𝐿𝐿2(−𝑎𝑎𝐴𝐴,𝑜𝑜𝑏𝑏𝑠𝑠

,,, )
𝐶𝐶𝐴𝐴,𝑜𝑜𝑏𝑏𝑠𝑠𝐷𝐷𝑒𝑒

 (Eq. 3.7) 

 

where, 𝐿𝐿 is the  characteristic size of a porous catalyst particle (m), 𝑎𝑎𝐴𝐴,𝑜𝑜𝑏𝑏𝑠𝑠
,,, is 

the rate of reaction (moles formed)/(volume)(time), 𝐶𝐶𝐴𝐴,𝑜𝑜𝑏𝑏𝑠𝑠is the 
concentration (mol/m3), and 𝐷𝐷𝑒𝑒is the effective diffusion coefficient in a 
porous catalyst (m3/m solid.S). 

For values of 𝑀𝑀𝑊𝑊 lower than 0.15, the diffusion limitation is negligible and 
no concentration gradient exists within the pellet, whereas for values 
greater than 4, there is a strong diffusion limitation. 

Mears’ criterion: The Mears’ criterion uses the measured reaction rate to 
determine whether the mass transfer from the bulk gas phase to the catalyst 
surface can be neglected. This criterion is presented as equation (3.8) 
[132]: 

 

�−𝑎𝑎𝐴𝐴,𝑜𝑜𝑏𝑏𝑠𝑠
, �𝜌𝜌𝑏𝑏𝑅𝑅𝑛𝑛
𝐹𝐹𝐶𝐶𝐶𝐶𝐴𝐴𝑏𝑏

 (Eq. 3.8) 

  
where, 𝑎𝑎𝐴𝐴,𝑜𝑜𝑏𝑏𝑠𝑠

, is the rate of reaction: (moles formed)/(mass of solid)(time), 
𝑅𝑅 is the catalyst particle radius, 𝑛𝑛 is the order of reaction, 𝜌𝜌𝑏𝑏 is the density, 
𝐹𝐹𝐶𝐶is the mass transfer coefficient, and  𝐶𝐶𝐴𝐴𝑏𝑏is the bulk concentration. If the 
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calculated criterion is less than 0.15, the external mass transfer can be 
neglected. 

3.1.5 Species-resolved thermal alkali desorption (SR-TAD)  

Preferential potassium adsorption sites were investigated using SR-TAD. 
This method is described in full detail somewhere else [133]  and it has 
proven to be useful in examining different catalytic systems [133, 134]. In 
summary, the prepared samples in the form of wafers were heated from 
room temperature to 700°C in a stepwise mode at the rate of 5°C/min. The 
flux of desorbing atoms were ionized by a platinum filament. The filament 
had an applied voltage of +150 V, which pushes the ions away towards a 
collector. The desorption flux of the potassium atoms was then determined 
using a surface ionization detector. This experiment was carried out in 
vacuum apparatus with a background pressure of 10-8 kPa. 

3.1.5.1 Catalyst preparation 

The rationale for undertaking SR-TAD was to compare the desorption 
energies of potassium from spent catalyst and fresh catalyst and support 
impregnated with potassium. To prepare the impregnated samples, wet 
impregnation technique was used, in which bare MgAl2O4 support and 
fresh Ni/MgAl2O4 samples were impregnated with KHCO3. The objective 
is to ensure that the K content of the impregnated samples was in the range 
of the spent catalyst K content measured after activity tests. The potassium 
content of each sample was determined using AAS before the SR-TAD 
experiments.  

 

 

 

 



Tar reforming surface chemistry | 53 
 

3.2 Tar reforming surface chemistry 

Figure 3.3 summarizes the methods used for tar reforming surface 
chemistry study. Each method is described and discussed in section 5. 
Details of the DFT modelling procedure can be found in paper III. 

 

Fig. 3.3. Methodology of the tar reforming surface chemistry study. 

3.2.1 Temperature programmed desorption (TPD)  

The system used in this study was an ultra-high vacuum (UHV) chamber 
developed at Stockholm University and during the course of this work 
modifications were done making it possible to perform TPD study in this 
chamber as well. The schematic of the setup is shown in figure 3.4, 
including a chamber equipped with standard surface science tools;  
low-energy electron diffraction (LEED), a quadrupole mass-spectrometer 
(QMS), an ion gun, and a gas dosing system, including naphthalene dosing 
system. The sample was a polished Ni(111) crystal and was mounted on a 
holder at the end of the manipulator connected to a liquid nitrogen cooled 
cryostat with both resistive and electron beam heating for sample heating. 
The temperature was then measured with a thermocouple connected to the 
side of the sample. The entire system was vacuum pumped using turbo and 
ion pumps giving a base pressure in the low 10-10 Torr range. TPD process 
was performed in the UHV chamber with base pressure of 1 × 10-10 Torr. 
The heating ramp for desorption measurement was set to 0.83 K/sec. 
During the measurements, the desorption fluxes of both naphthalene and 
hydrogen were continuously monitored with the QMS. 
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Fig. 3.4. Experimental setup for the TPD study. UHV chamber (chamber pressure: 10-10 
Torr), equipped with QMS, LEED, and gas dosing system. 

Prior to TPD experiments, sample cleaning must be performed. The sample 
cleaning procedure, which is dependent on the type of metal, can be 
extremely difficult due to different types of impurities that may diffuse to 
the surface at certain temperatures. The general procedure for sample 
preparation starts with sample cleaning and it is to bombard the surface of 
the crystal sample with ionized atoms and knock out the impurities. This 
procedure is called sputtering and is accompanied by annealing which is to 
re-distribute and smoothen out the surface that became rough after 
sputtering. The Ni(111) crystal used here underwent one cycle of  
5-min sputtering and annealing at 1100 K in vacuum before experiments. 
More details of the sample cleaning procedure can be found in paper III. 

Naphthalene was deposited through a precision leak valve at room 
temperature in the vacuum chamber at a base pressure of 1 × 10-10 Torr. 
The procedure here was to reach a monolayer of naphthalene deposited on 
the surface of Ni(111) sample. Afterwards, the sample was heated with a 
fixed heating ramp for desorption measurement. The desorption rate, total 
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amount of released gases, and the kinetics of desorption were measured. 
Three types of study was performed. One examined the adsorption and 
structure of naphthalene on Ni(111), the second probed the 
dehydrogenation occurred for various coverages of naphthalene on 
Ni(111). Third investigated the deactivation of the surface. Scanning 
tunnel microscopy (STM) was used to investigate the chemical pathway 
from naphthalene to possibly graphene; this was done in a separate vacuum 
chamber and is described in the subsequent section. 

All experimental TPD data presented were treated in the same manner 
using 6-fold binning and a background subtraction based on a linear fit of 
the background. For STM image processing and surface analysis, 
Gwyddion free software was used. 

The activation energy for C–H breakup is based on the TPD data and is 
calculated as explained in section 3.1.4.3, assuming weak pre-factor and 
Arrhenius temperature dependence. The activation energies are calculated 
from the linear parts of Arrhenius plots for ln (desorption rate/coverage) 
versus I/T as shown in figure 3.5. 

 

 

Fig. 3.5. Activation energy for C-H break up calculation. a) coverage versus temperature 
b)  (ln (desorption/coverage)) versus T c) linear parts of Arrhenius plot (ln 
(desorption/coverage)) versus I/T. 

3.2.2 Scanning tunnel microscopy (STM) 

STM experiments were conducted in a RHK UHV 3500 SPM system; with 
a base pressure of 3 × 10-11 Torr. The sample was prepared by repeated 
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cycles of Ar-sputtering (1 kV) and annealing at 1073 K, until a sharp (1×1) 
LEED pattern was observed with low background and STM revealed a 
smooth surface with large flat terraces. Sample heating was done by 
electron bombardment, and the temperature was measured with a 
pyrometer from 300°C and higher. STM was conducted using etched W 
and Au tips. The bias was applied to the tip; negative bias thus corresponds 
to imaging empty states and positive bias images the filled states on the 
surface. Naphthalene was deposited through a precision leak valve at 5 × 
10-8 Torr. Exposures are given in Langmuir (L), where 1 L = 1 × 10-6 
Torr.sec.  

3.2.3 Density functional theory (DFT) 

The naphthalene adsorption energies, geometric distortion, and 
redistribution of electron density has been investigated using DFT 
molecular modeling. The description of the DFT method used can be found 
in paper III.  

3.2.4 Materials  

Pure naphthalene was purchased from Sigma Aldrich and dosed to the 
sample surface through a precision leak valve at 5×10-8 Torr. The Ni 
monocrystal with the exposed (111) surface was purchased from Surface 
Preparation Laboratory (SPL) in the Netherlands. The sample was polished 
and aligned to less than 0.1° from the (111) plane. 

3.3 Pyrolysis gas conditioning 

3.3.1 Experimental setup 

The setup used in this study was developed and built at KTH Royal 
Institute of Technology during the course of this work and the activity tests 
were performed both at the KTH Royal Institute of Technology pyrolysis 
reactor facility and Cortus Energy’s biomass gasification test facility in 
Sweden [135]. The schematic of the setup is displayed in figure 3.7. It 
consists of part A, a high-emperature filter, a fixed bed catalytic reactor, 
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piping trace heated and insulated and part B, and a sampling system. Both 
filter and reactor was heated externally.  The filter was used to remove 
particulates from pyrolysis gas before entering to the reactor and was 
purged periodically with nitrogen to remove the build-up of the filter cake 
and a consequential pressure drop. The reactor’s volume was 2.3 dm3 and 
its inner diameter was 55mm. the catalyst used was provided by Haldor 
Topsoe A/S with a cylindrical pellet shape form of 6 × 6 mm size.  Three 
thermocouples monitored the temperature inside the reactor the 
temperature of the reactor was controlled by the wall temperature that was 
measured by another set of thermocouples installed.  

The sampling system comprised a series of impinger bottles. The sampling 
was conducted with a known sampling flow and was used to condense out  
bio-crude, including water. The first three impinger bottles with glass frit 
were placed in a cooling water bath, preventing evaporation of the iso-
propanol. The use of a low sampling rate helped minimize losses due to 
evaporation [136]. Impinger bottles with glass frit were used because of 
the breakdown of aerosols possibly formed during the cooling of the 
pyrolysis gas [136], and alcohol was used in the cooled impinger bottles to 
minimize aerosol formation during the condensation [137]. The bio-crude- 
and moisture- free flow was then sent to the online gas chromatograph. The 
condensed samples were all collected and mixed for analysis off-site. 
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Fig. 3.6. Schematic of the experimental setup for the catalytic conditioning of pyrolysis 
gas: (1) raw pyrolysis gas before filter (2) raw pyrolysis gas (dust-free) (3) treated pyrolysis 
gas (4) purging nitrogen. (A) Section consisting of a high T filter and a fixed bed catalytic 
reactor. (B) Section consisting of a sampling system for condensates, a P2O5 filter for 
moisture absorption, and an online gas chromatograph. 

3.3.2 Methodology 

Figure 3.7 summarizes the experimental methodology for pyrolysis gas 
conditioning. It is divided into initial catalyst activation, catalytic testing, 
and characterization of raw and treated bio-crude as well as fresh and spent 
catalyst. 

 

Fig. 3.7. Experimental procedure applied for catalytic conditioning of biomass pyrolysis 
gas. 
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3.3.2.1 Initial stabilization and activity tests 

Before each experiment, a stabilization period of the catalyst was observed 
and the resulting catalyst bulk phase after use was determined by X-ray 
diffraction. The raw pyrolysis gas was produced in a pyrolysis reactor 
consisting of a rotary kiln, where dried biomass was fed and pyrolyzed at 
a temperature of 380°C and at slow heating rates (approx. 15oC/min) and 
the produced pyrolysis gas was fed into the experimental setup at 380°C. 
All experimental units and parts were kept at 450°C except during the 
stabilization period of the catalyst when the temperature was kept at 400°C. 
To minimize catalyst sintering and thermal cracking of oxygenates, 
temperatures during the initial period of catalyst stabilization were 
monitored inside the bed and kept as low as possible. After the initial 
stabilization in the pyrolysis gas, the reactor temperature was raised to 450 
°C. The total stable operation and time on stream was 8 hours. The hot gas 
filter was purged periodically, using nitrogen. The online micro-GC 
monitored the permanent gas composition, including C2+ compounds, and 
the stability of the test. The condensate samples were collected from the 
raw and treated pyrolysis gas for further analysis. Spent catalyst samples 
were taken from top, middle, and bottom of the bed for characterization.  

3.3.2.2 Catalyst characterization  

The surface area was measured using the technique described in section 
3.1.2.3. Total carbon and sulfur contents were measured using the same 
technique describe in section 3.1.2.3 (LECO). The state of the spent 
catalyst was also analyzed at Haldor Topsoe by means of XRD using a 
PANalytical Empyrian instrument, and an in-house WGS activity test 
procedure. Temperature programmed oxidation of the fresh and used  
Fe-based catalyst catalyst was performed at a heating rate of 6 oC /min up 
to 800oC in a 30 ml/min flow of 5% O2 in He. This characterization test 
was performed as a fingerprinting technique to compare the fresh and spent  
Fe-based catalyst. 
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3.3.2.3 Bio-crude and gas analysis 

For analyzing the content of the bio-crude, condensate samples were 
analyzed using an Agilent 7890 gas chromatograph coupled to an Agilent 
5975C mass selective detector (MSD). The GC was equipped with a 30 m 
× 250 µm × 0.25 µm HP-5ms column using He as carrier gas. Chemstation 
software was used for peak integration and NIST11 library for peak 
identification. Furthermore, gravimetric determination of condensate 
before and after the catalytic treatment of the pyrolysis gas was carried out. 
The increase in weight of the sampling bottles was a measure of the  
bio-crude and water content. The C/H/O/N/S analyses, as well as the water 
content analysis of condensate samples, were performed at 
Karlhamnsverkets Laboratory, UNIPER. Carbon and hydrogen content 
were determined by the ASTM D5291 analysis method. Oxygen and water 
content were determined by difference and Karl Fischer titration (ASTM 
E 203), respectively. Condensate samples were also analyzed using 1H-
NMR to determine the change of the functional groups, such as aromatics, 
phenols, and aldehydes, of different components in raw and treated  
bio-crude. The 1H-NMR spectra were recorded at 400 MHz on a Bruker 
DMX-400 spectrometer at room temperature. The composition of the 
permanent gases in the pyrolysis gas, after condensing out water and  
bio-crude, was analyzed using an online micro-GC (Thermo Scientific, 
C2V-200). 

3.3.2.4 Mass balance calculation 

For evaluation of results, a mass balance calculation was performed for 
carbon, hydrogen, and oxygen based on equation (3.9). The flow of the raw 
pyrolysis gas is denoted with the index “in” and the treated flow by “out”. 

 

𝑁𝑁𝑖𝑖,𝐼𝐼𝐼𝐼 = ∫ 𝑓𝑓�̇�𝑂𝑂𝑂𝑂𝑂
𝑜𝑜
0 𝑦𝑦𝑖𝑖𝑀𝑀𝑤𝑤𝑖𝑖𝛼𝛼𝑖𝑖𝐹𝐹𝐹𝐹 + ∫ 𝑥𝑥𝑖𝑖�̇�𝐺𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹

𝑜𝑜
0 + ∆𝐶𝐶                  (Eq. 3.9) 

where, i= C, H, or O,  𝑁𝑁𝑖𝑖,𝐼𝐼𝐼𝐼 is the inlet mass,  yi is the molar fraction of a 
compound in the gas,  𝑓𝑓�̇�𝑜𝑜𝑜𝑜𝑜is the total outlet molar flow of gas, αi is the 
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number of atoms of element i in a compound,  xi is the mass fraction of i 
element in the condensate, Mwi is the atomic weight of i element (C, H, and 
O),  �̇�𝐺𝑂𝑂𝑂𝑂𝑂𝑂 is the outlet mass flow rate of the condensate, ∆𝐶𝐶 is the carbon 
deposit on the catalyst wherein the accumulation of carbon on the catalyst 
surface is determined by the total mass of the accumulated carbon, and t is 
the total experimental time. 

 
3.3.3 Materials  

The tests were carried out using chips of tree-tops and branches. The 
catalyst used for experiments was a Fe-based catalyst (Haldor Topsoe A/S, 
HT-25409) with a cylindrical pellet shape form of 6 × 6 mm size. Inert 
filler used was the same as described in section 3.1.3. It was used in the 
volume of the reactor above and below the catalytic bed to increase the 
thermal conductivity, as well as improving radial mixing, reducing the 
axial dispersion and minimizing channeling over the catalytic bed. 

3.3.4 Data treatment and analysis 

3.3.4.1 Conversion 

It is important to note that though all bio-crude analyses were performed 
with isopropanol as a solvent, the results reported are on isopropanol-free 
basis. With respect to conversion of compounds and compound classes in 
bio-crude, they are reported on a water- and isopropanol- free basis. The 
conversion of main compounds in the bio-crude over the reactor was 
calculated using equation (3.10): 

𝑋𝑋𝑖𝑖 = 1 −  𝑦𝑦𝑖𝑖𝑒𝑒𝑦𝑦𝑑𝑑𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑖𝑖𝑏𝑏−𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡𝑡𝑡
 𝑦𝑦𝑖𝑖𝑒𝑒𝑦𝑦𝑑𝑑𝑖𝑖,𝑡𝑡𝑡𝑡𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏−𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡𝑡𝑡

     (Eq. 3.10) 

where, i denotes different compounds in the condensate. The yield is 
proportional to the yields of bio-crude components and is normalized on 
solvent- and water-free basis. The yield is calculated based on equation 
3.11: 
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𝑦𝑦𝑦𝑦𝐹𝐹𝑇𝑇𝐹𝐹 ∝ 𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎∗�̇�𝑀
(1−𝑥𝑥𝐻𝐻2𝑂𝑂)

        (Eq. 3.11) 

where, area is the integrated area of GC-MS results, normalized on 
solvent-free basis, �̇�𝑀 is the total mass flow of bio-crude (dry-basis), and 
𝑥𝑥𝐻𝐻2𝑂𝑂 is the mass fraction of water in the condensate. 
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4 Biomass-derived trace elements 
parametric study (papers I and II) 

This chapter provides a three-step procedure implemented to study effect 
of biomass-derived trace elements, in this case alkali and sulfur, on tar 
reforming catalysts downstream of gasifiers: 

a. Methodology development 
b. Validation of the methodology  
c. Application of the methodology to activity tests  

The summary of the methodology, its validation and application is shown 
in figure 4.1. First, the system is initially characterized.  The methodology 
was then validated and activity tests were performed for K influence under 
exposure to real producer gas from biomass based on the observations from 
the first step. Based on the validation results, the methodology was 
implemented and the combined effect of sulfur and potassium on tar 
reforming activity is investigated under realistic conditions approaching 
steady-state over time. This methodology is described in detail and its 
results are presented in subsequent sections. 
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Fig. 4.1. Schematic of the methodology developed for parametric studies of the effect of 
biomass-derived trace elements on tar reforming catalyst. 

4.1 General information 

Four activity test campaigns were performed in this study to determine the 
potassium-equilibrated surface content, dynamics of sulfur and potassium 
through the bed and the pellet, and effect of gas-phase alkali on tar and 
methane reforming. In all four campaigns: 

1. Catalyst samples were collected from the bed inlet in small 
amounts for characterization after cooling down in nitrogen flow 
to ambient temperature every first, second or third runs.  Samples 
were also collected through the bed in Campaign 4. The sampled 
amount was small compared with the loaded catalyst so that the 
performance of the reactor was not affected significantly. 
 

2. Before the experiments, the catalyst was reduced for 4 hours in H2 
at 700°C for phase transition of NiO to Ni.  
 

3. The loaded catalyst volume and total gas flow rates were selected 
to obtain partial hydrocarbon conversion. This was done to obtain 
an effective conversion range, meaning not too high conversion, 
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so that it enables us to compare conversion degrees at different 
conditions. 
 

4. Tar reformer operating temperature for Campaign 1, 2, 3, and 4 
were 850°C and 800°C, respectively. 
 

5. Mass balance calculations were performed over the reactor for C, 
H and O based on approximately all measured gas components, 
excluding only tar components other than benzene and 
naphthalene. The output-to-input ratio were calculated to be in the 
range of 0.91–1.07, proving an acceptable mass balance. 

 

4.2 Methodology development  

4.2.1 Alkali dosing and speciation 

In the few studies of the effect of alkali on tar reforming catalyst, the 
limitation is the method used to investigate influence of gas-phase 
potassium compounds on catalyst [56, 57, 91, 103]. Common limitation 
are mechanisms of potassium transport, deposition and equilibration on the 
catalyst which are not similar to the realistic mechanism.  Alkali dosing 
should be well-controlled, continuous, and repeatable for variable content 
of alkali in the biomass gasification gas. Application of an aerosol dosing 
system, guarantees a precise control of the dosing since the particles are 
kept in the gas stream without deposition or impaction on the walls during 
the transport to the reactor. Furthermore, the system allows for precise 
control of the amount of water fed to the gas stream whereas other methods 
such as direct pumping of aerosol solution into the reactor, spraying 
through a nozzle and alkali vaporization [57], cannot control over the 
amount of water fed. In an aerosol alkali dosing system, extra moisture is 
removed by the diffusion dryer, as shown in figure 3.1. Furthermore, 
complete evaporation is important as at steam reforming temperature, most 
of the alkali species are in vapor phase. Consequently, a proper particle 
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size distribution of the generated aerosol particles is vital for complete 
evaporation of the dosed alkali salts and methods such as pumping or 
spraying system does not guarantee that. SMPS measurements indicate that 
the sizes of the generated particles are in agreement with the specifications 
of aerosol generator manufacturer and are suitable for the highly efficient 
transmission of particles through a tube [138]. The alkali salt particles 
rapidly evaporated in the high-temperature reactors based on separate sets 
of experiments concluding 100 nm KCl particles evaporate fully at 
temperatures above 700°C with the residence time of 0.5 s [139]. The 
experimental setup used in this study had a higher residence time for alkali 
salt particles and operates at 850°C, ensuring full evaporation.  

Thermodynamic calculations do not provide the complete picture due to 
the non-equilibrium state of the investigated system. However, they do 
provide information on the state of alkali compounds present in the 
producer gas after dosing with alkali. The average wet gas composition at 
the catalytic reactor inlet was used for chemical equilibrium composition 
calculations at different KCl dosing concentrations. The amount of 
biomass-derived K in the gas is estimated to less than 0.2 ppmv [43], and 
based on the N and Cl content in the biomass, the levels of NH3 and HCl 
are calculated to be about 400 and 30 ppmv, respectively, assuming 
complete conversion to gas-phase species and no hot gas filter effects. This 
assumption is reasonable, since the H2S concentration was calculated to be 
14 ppmv, based on assumption used in paper I, which is very close to the 
measured H2S content in gas (15±3 ppmv) presented in paper II. 
Thermodynamic calculations performed revealed that the most abundant 
K species in the operating conditions of this study are KCl, KOH, and 
elemental K. Addition of KCl to the gas stream increases the content of K 
species, which may decompose when adsorbed on the catalyst surface. The 
domination of KCl over the other two main components is more 
pronounced at larger amounts of initially added KCl concentrations in the 
gas. Changes in the gas composition will affect the K distribution. For 
example, accounting for an estimated 30 ppmv HCl content from the 
biomass itself increase the relative KCl content (KCl + H2O ↔ KOH + 
HCl). These results are described in greater detail in paper I. 
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The efficient transmission of produced aerosol particles to the producer gas 
must be guaranteed. In the previous studies on effect of gas-phase alkali 
on tar reforming [56, 57, 91, 103], all the catalyst samples were deposited 
with alkali prior to exposure tests which is different from realistic alkali 
deposition on the catalyst surface. Albertazzi et al. [103] and Einvall et al. 
[56] observed a minor loss or a complete recovered reforming activity of 
the K pre-deposited Ni catalysts under real producer gas. The reason for 
both phenomena was related to cleaning, volitilizaiton-induced effect of 
steam during activity tests. The amount of deposited alkali salt in 
Albertazzi et al. [103] study , decreased after couple of hours of reaction 
in all samples, thus stressing the importance of alkali volatilization under 
reaction conditions. In the present study, this limitation was excluded by 
developing an alkali dosing system for continuous, precise dosing during 
the activity tests. 

4.2.2 Initial catalytic system characterization  

Next step was to apply the alkali dosing technique and perform activity 
tests. Two experimental campaigns were performed.  A series of test 
campaigns was designed and performed with each campaign consisting of 
several experimental runs with 3–4 hours of continuous operation. The 
initial catalytic system characterization was performed during Campaigns 
1and 2. In Campaign 1, 11 ppmv KCl was added to the dust-free raw 
producer gas. H2S is biomass-derived and the concentration was estimated 
to be 14 ppmv. In Campaign 2, 11 ppmv KCl was added to the dust-free 
raw producer gas. Additional H2S is added together with KCl during the 
activity test. The H2S concentration was estimated to be 84 ppmv. In both 
campaigns, catalytic reactor operating temperature was 850°C. Figure 4.2 
presents the catalyst BET surface area and normalized K content and S 
content/S capacity versus time on stream. Decelerating reduction of BET 
surface area is mainly related to carrier sintering caused by elevated 
temperature and steam exposure being significant in sintering rates the first 
200 hours of run [53, 88] . The catalyst sulfur content in Campaign 2 has 
reached an equilibrium between the adsorbed and gas phase S in the reactor 
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inlet after approximately 6 hours under the operating conditions of 
Campaign 2.  

 

Fig. 4.2. BET surface, normalized K and S content samples from reactor inlet versus time 
on stream. Campaign 1: 14 ppmv H2S, 11 ppmv added KCl. Campaign 2: 84 ppmv added 
H2S, 11 ppmv added KCl. 

The trend for the normalized catalyst K content in Campaign 1 and 2 is 
similar, but with a slower uptake of K in Campaign 2 compared to 
Campaign 1. This appears to be the primary effect of higher sulfur 
chemical potential in Campaign 2. The details of S and K interaction is 
discussed more in detail in section 4.3.1. Results of potassium uptake 
obtained from Campaign 1 and 2 as well as additional results obtained from 
dosing 6 ppmv of KCl are presented in figure 4.3. Adsorbed potassium in 
Campaign 1 and 2 with identical KCl addition and different sulfur chemical 
potential shows a clear suppression of K adsorption as the sulfur chemical 
potential increases in the producer gas. The combination of the results 
suggest that different KCl concentrations in the gas phase result in different 
initial uptakes of K on the catalyst surface, linearly proportional to time on 
stream for low K coverage (𝜃𝜃𝐾𝐾). Based on this initial characterization, 
there were indications that the start of a slow approach to K equilibration 
at the catalyst bed inlet was observed.  
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Fig. 4.3. Potassium (K) uptake curves as the function of time on stream (TOS) for different 
gas-phase K concentrations and sulfur chemical potential. The fits only serve as a guide to 
the eye. 

Figure 4.4 presents activity of the catalyst toward methane and naphthalene 
reforming as 2 hour average for Campaign 1 and 2.  The catalyst activity 
drop rate is significantly faster in Campaign 2 compared to Campaign 1. 
This explicit decrease in activity toward methane reforming is due to a 
passivation of the catalytic surface [97, 98] caused by adsorption of sulfur 
on active surface sites. The reduction in activity toward naphthalene 
reforming is also due to sulfur poisoning. Reduced steam reforming, 
especially for methane, results in less H2 and CO formation. That leads to 
less water consumption, shifting the WGS reaction toward more CO2 
formation.  
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Fig. 4.4. Activity transients: average methane and naphthalene conversion versus time on 
stream in the catalytic reactor for campaigns 1 and 2. Campaign 1: 14 ppmv H2S, 11 ppmv 
added KCl. Campaign 2: 84 ppmv added H2S, 11 ppmv added KCl. 

In Campaign 2, the reduction of CH4 reforming continues beyond 2–4 
hours, whereas CH4 reforming activity in Campaign 1 and naphthalene 
reforming in both campaigns reach a stable conversion after 6 hours of run. 
Progressive sulfur uptake and equilibration in bed during Campaign 2 
being more rapid in presence of higher H2S concentrations may partly 
explain the transients in activity. Therefore, for elimination of this transient 
effect, the catalyst bed should reach S-equilibrium before actual 
experiments. Changes in mass transfer limitation for methane and 
naphthalene may also clarifies difference in the transients in activity. 

Under operating conditions of the reactor, the lower methane reforming 
activity due to sulfur passivation may change the transport limitation from 
external, which usually is the case for conventional steam reforming, to 
internal. Weisz-Prater and Mears criteria is calculated and presented in 
table 4.1 for start and end of Campaigns 1 and 2 for naphthalene and 
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methane. Based on calculations for Mears [132] criterion defined in section 
3.1.4.4, there may be limited external diffusion for naphthalene and no 
external diffusion for methane at the operating conditions of Campaign 1 
and 2.  Mass transfer coefficient (Kc) is calculated from diffusion 
coefficient, average particle number and Sherwood number  
(total mass transfer/diffusive mass transfer) for naphthalene and methane 
respectively.  

 

Table 4.1. Weisz-Prater and Mears criteria for methane and naphthalene in Campaign 1 
and 2 

 Criteria Mears Weisz-Prater 
 Component Naphthalene Methane Naphthalene Methane 

C
am

paign 1 

Beginning 
of the 

activity 
tests 

0.36 0.06 6.23 2.88 

End of the 
activity 

tests 
0.34 0.02 5.87 1.07 

C
am

paign 2 

Beginning 
of the 

activity 
tests 

0.38 0.06 6.46 3.05 

End of the 
activity 

tests 
0.3 0.01 5.15 0.33 

 

Due to larger size of naphthalene, the intra-particle diffusion limitations 
are more severe for this molecule compared to methane. This was 
established by Weisz-Prater [131] criterion (Mw bigger than 4), defined 
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earlier in section 3.1.4.4. Effective diffusion coefficient (Deff) is calculated 
for naphthalene and methane from the catalyst porosity, the tortuosity 
factor and the diffusion coefficient in the bulk and the Knudsen diffusion 
coefficient [2]. In figure 4.5a, highlighted A and B area represents the 
Weisz-Prater criterion range calculated for methane and naphthalene, 
respectively, at the end of campaigns 1 and 2. It is evident that as the sulfur 
coverage increases in the catalyst, methane appears to be more sensitive to 
internal diffusion limitation than naphthalene (highlighted A versus B 
area). Schematic of shell/core poisoning by sulfur [95] in Campaigns 1 and 
2 as well as the utilized shell volume for methane and naphthalene 
reforming reactions as shown in figure 4.5b,  demonstrate that steady-state 
activity is reached faster for naphthalene than methane, since equilibrated 
S coverage is reached earlier in a shell volume utilized for naphthalene 
reforming than for methane. Sulfur-equilibrated shell volumes that are 
shown in figure 4.5b represent a snap shot at similar time (before full S-
equilibration throughout the pellet) for two different initial sulfur levels 
and at similar location in the catalytic bed before  
S-equilibration in all of the pellets throughout the bed. Both pellet and bed 
equilibration will be faster in the case of higher sulfur concentration. 

This preliminary observation reveals methane and tar (naphthalene) mass 
transfer limitations under tar reforming conditions and the importance of 
pre-sulfidation in establishing fixed 𝜃𝜃𝑆𝑆 . 
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Fig. 4.5. a) Weisz modulus criterion, figure adapted from Ref. [131]: spent Ni/MgAl2O4 
catalyst under the operating conditions of Campaign 1 and 2 catalytic reactor for A: 
methane B: naphthalene. LS: low sulfur coverage HS: high sulfur coverage.  b) Schematic 
of sulfur passivated shell volume and of utilized shell volume for naphthalene and methane 
reforming in Campaigns 1 and 2.  

 

   
 



76 | Biomass-derived trace elements parametric study (papers I and II) 
  

4.2.3 Validation of the methodology 

To be able to measure potassium uptake behavior at varying gas-phase 
concentration and its influence on reforming activity when alkali is 
equilibrated and co-adsorbed with sulfur, transient effects due to sintering 
and sulfur poisoning, as observed in characterization and activity results 
above, must be eliminated. None of the previous investigations on effect 
of gas-phase alkali on the catalyst was conducted under realistic steady-
state conditions [56, 57, 91, 103] and only few of these studies were under 
exposure to real biomass gasification gas [103]. Albertazzi et al. [103] 
observed decrease in active Ni surface area during the activity tests which 
may be connected to sintering of Ni particles. Li et al. [57], exposed a 
monolithic Ni-based catalyst to alkali salt vapors (KCl, K2SO4, and K2CO3) 
and observed the most poisonous effect for K2SO4 which is related to extra 
sulfur dosing and sulfur poisoning effect. Einvall et al. [56], exposed 
reforming catalysts to species in fly ash, as well as aerosol particles 
containing K2SO4 and observed decrease in surface area and available 
metal area but the corresponding loss in activity was not severe, probably 
due to volatilization-induced effect of steam during activity tests. In this 
work, pre-sulfidation was implemented to reach S-equilibrated surface and 
accelerated-aging was performed to reach a rather constant surface area 
with minimal changes during activity test. Validation of the methodology 
was confirmed under Campaign 3, in which the catalyst was going through 
pre-treatment steps, prior to exposure tests with a tailored H2S/H2 ratio and 
a KCl addition similar to Campaign 1 and 2. An aging time of 5-hour was 
selected, based on Sehested et al. [140] study. It was estimated that a 5-
hour aging procedure would result in minimal (<5%) changes in catalyst 
support and Ni surface areas even after a large number of operating hours 
[140]. 6-hour sulfidation was selected based on observation from 
Campaign 2, in which the catalyst reached its sulfur capacity. The desired 
sulfur coverage is 𝜃𝜃𝑠𝑠=0.9–0.95, so that the nickel particles were not 
completely covered with sulfur and there was still considerable reforming 
activity. The pretreatment step is explained more in detail in paper I.  After 
the final pre-treatment step, two subsequent experimental tests were 
carried out with the total operational time of 9 hours, exposing the same 
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catalyst batch to the dust-free raw producer gas to investigate the K uptake 
and activity of the catalyst. Figure 4.6 shows BET surface area, normalized 
K content, S concentration for fresh, pre-treated and spent catalyst samples 
after test 1 (5 hour) and 2 (4 hour) as well as the average naphthalene and 
methane conversions in tests 1 and 2. 

 

 

Fig. 4.6. BET surface area, potassium content divided by BET surface area, sulfur 
concentration obtained for fresh, pre-treated, and spent catalyst at the bed inlet, and average 
conversion of methane and naphthalene versus exposure time in Campaign 3, tests 1 and 2.  

Sulfur content of the catalyst was constant during the activity test after pre-
sulfidation, indicating that the catalyst equilibrated sulfur coverage was 
reached in the catalyst bed inlet. This means that the pre-treatment of the 
catalyst via sulfidation was successful and that the active surface area was 
constant from the beginning of the activity tests. The BET surface area was 
near constant after 5 m2/g drop in accelerated aging procedure during 
pretreatment indicating a successful accelerated aging procedure.  
Although earlier studies have indicated a clear K-effect on sintering [140], 
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the operating conditions of this work is different (significantly more 
reducing gas). A substantial uptake of K is observed after the pre-treatment 
step which was related to vaporization of residual K in the system due to 
high temperature and high partial pressures of water. To avoid the memory 
effect of potassium in system, a thorough steam-cleaning is required prior 
to pretreatment and this is described in section 4.3. As shown in figure 4.6, 
the normalized K content is stable throughout the activity tests. As judged 
by the sulfur content, no active Ni surface area changes were observed. 
This explains the stable activity of the catalyst toward methane and tar 
reforming when comparing 300 min and 540 min time on stream average 
conversions. This is also reflected in the constant gas composition during 
tests 1 and 2, discussed in more detail in paper I. The pre-treatment 
methodologies used, including pre-sulfidation and accelerated aging, 
effectively stabilized the catalyst activity (activity transient elimination), 
allowing for further investigations of the effects of gas phase alkali on the 
catalytic activity. An expanded parametric study was designed to establish 
the K uptake curves and study the K influence on the catalyst performance 
(paper II). 

 

4.3 Biomass-derived trace elements effect on 
catalyst performance  

As stated in section 2.1 , negative (catalytic steam reforming activity 
suppression) and positive (carbon whisker coking resistance) sulfur and 
potassium influence on steam reforming activity have been studied 
separately [2, 53, 94, 96, 101, 102]. However, none of these studies 
presented a clear picture of the combined effect of sulfur and potassium on 
the Ni-based catalyst under steady state conditions. The extended activity 
tests in Campaign 4 were performed to determine the K uptake and its 
effect on catalyst activity under steady-state tar reforming conditions.  

Before the tests and pretreatment, steam-cleaning was performed. Steam 
cleaning of the system was introduced to remove the K residuals 
effectively on the surfaces in the gasification setup upstream of the 
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catalytic bed. It also enabled the study of K uptake in a more precise 
manner. More details of steam-cleaning are discussed in paper II. In 
Campaign 4, catalyst was gone through pre-treatment steps of accelerated 
aging and sulfidation after steam-cleaning the system. Thirty hour ToS 
with KCl dosing was followed by 6 hours ToS with no KCl dosing.  The 
first 30 hour is named Period 1 and the last 6 hours is named Period 2. 
Because of the lower temperature in Campaign 4 compared to Campaign 
2 and 3 (800°C versus 850°C), no additional H2S was added during the 
activity tests to the producer gas since the desired sulfur coverage was 
achieved without the need to tailor the sulfur chemical potential in the gas. 
In Campaign 4, samples were taken from different depths through the bed 
after Period 2, to investigate the concentration profiles of K and S through 
the bed.  

4.3.1 Potassium (K) uptake and interaction with sulfur (S) 

Figure 4.7 presents the normalized catalyst K and S content at the bed inlet, 
where exposure time is defined as the time for pretreatment plus the time 
on stream. The catalyst sulfur content was equilibrated and BET surface 
area is constant after pretreatment.  Normalized K content increases up to 
28 hours and varies around the same value up to 40 hours, reaching a 
plateau. This is a confirmation of early stages of K uptake and its approach 
to equilibrium as implied in section 4.2.2. Potassium equilibrium 
coverages on the Ni/MgAl2O4 catalyst is established to 10–40 µg K/m2 
under realistic steady-state tar reforming conditions with approximately 1 
ppmv KCl concentration in gas phase. Continuing 6 hours without KCl 
dosing, the potassium content of the bed decreases as displayed in figure 
4.7. This reduction was clearly due to the altered KCl partial pressure in 
the gas phase, resulting in changes in potassium equilibrium coverage. 
Normalized S content after pre-sulfidation gradually decreased in Period 1 
but increased in Period 2 which appears to be the primary effect of K 
uptake and removal. 
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Fig. 4.7. Normalized sulfur and potassium content at the bed inlet vs exposure time, 
Campaign 4. The fit curve only serves as a guide to the eye. The average BET surface area 
for samples taken during time on stream is 14.3 ± 1.6 m2/g 

Figure 4.8 shows the K and S concentration profiles in the catalyst bed 
versus the axial bed distance after the end of Period 2. The K profile and 
the results shown in figure 4.7, K reaches a stable value at the inlet of the 
catalytic bed, indicating that the bed nearly reached its saturation of K most 
probably at the end of Period 1. The dashed line for K concentration after 
30 hour also indicates that the bed nearly reached its K saturation. In the 
subsequent Period 2, adsorbed potassium was removed up to 1/3 of the 
bed, related to K migration from the inlet with desorption front moving 
through the bed. This indicates significant K mobility. For the remaining 
part of the bed, K was in a pseudo-equilibrium state. The K desorption is 
also displayed when comparing to the dashed horizontal lines 
representative of approximate inlet K concentration at 0 hour (beginning 
of activity test) and 36 hour time on stream. A clear trend for S profile is 
difficult to distinguish. A change through the bed is more evident for K, as 
the partial pressure of dosing K changes in Period 2, possibly due to faster 
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diffusivity and higher mobility of K in catalyst pellets, as well as in the bed 
compared to S.  

 
Fig. 4.8. Sulfur and potassium content profile in the catalytic bed at the end of Period 2, 
Campaign 4. The average BET surface area for samples taken at different axial bed 
distances is 13.7 ± 1.6 m2/g. 

Apparently, there is a correlation between the uptake of sulfur and 
potassium based on findings of paper I and II. A summary of the discussion 
and interpretations is presented here: 

1. K uptake suppression with increasing sulfur chemical potential: It 
is known that alkalis adsorb with initial preferential titration of 
oxide carrier sites [90, 141-143], in particular defect/OH-group 
surface sites [90, 142, 144, 145], whereas sulfur is more nickel 
specific relative to MgAl2O4 support [146]. As reported by 
Bengaard et al. [100]  from the  density functional theory 
calculation point of view, although both S and K bind 
preferentially to the nickel step sites, sulfur adsorption is 
somewhat favored over potassium adsorption [100]. Therefore, the 
suppression of K uptake by S may be related to an S site blocking 
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effect on nickel and/or the spillover of sulfur to the support, 
blocking the K adsorption sites.  

 

2. Decrease in S content on a K-equilibrated surface:  
a. Increased Ni sulfur resistivity could be related to K-

induced Ni-S bond softening. This was observed in 
previous studies by Chen et al. [147] and Politano et al. 
[148] similarly in the K-O/Ni system, confirming prior 
DFT results regarding the same system [149]; a donation 
of electron density by K to anti-bonding states of S-Ni. 
Another idea regarding the observed changes in S content 
is bond-order conservation model, where a strong K-S 
attractive interaction is expected to weaken the S-Ni bond. 
Similarly, Papageorgopoulos et al. [150] and 
Blaszczyszyn et al.[151, 152] observed strong interaction 
between K and S. All the suggested scenarios indicate S-
Ni bond weakening with K co-adsoprtion, pushing S 
speciation equilibrium toward the gas phase and most 
likely increase in reactivity of surface S possibility toward 
hydrogenation or oxidation. The site-blocking effect of 
alkali in hindering H2S adsorption was also suggested by 
Ferrandon et al. [153] for benzene hydrogenation on Rh-
based catalyst.  
 

b. The presence of K on nickel may increase the oxygen 
surface coverage on Ni, thus reduces S coverage. Surface 
NiO is reduced by hydrogen at temperatures starting 
around 200–250°C [2], whereas surface Ni-S is reduced 
by dry hydrogen (no steam) at temperatures around 650°C 
[154], meaning that the adsorption energy of S is higher 
than that of O on pure Ni. However, a K-modified Ni 
surface may shift the balance toward higher O coverage at 
the expense of S coverage.   
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K uptake suppression by higher sulfur passivation in early stages of K 
uptake (paper I) does not contradict the co-adsorption of K and S on Ni. It 
may reflect the reduction in the ability of K to titrate the hydroxyl sites on 
the support [155, 156], possibly due to sulfur spillover to the support as 
mentioned earlier. Section 4.4 presents a preliminary study of the 
preferential adsorption site for potassium. 

Based on the K-equilibrated surface results obtained, relevant K surface 
coverages under the tar reforming conditions for a typical Ni on high-T 
alumina-based catalyst is calculated to below 100 µg/m2.  Assuming 
support hydroxyl sites being the main fraction of K adsorption sites on the 
catalyst and estimating the concentration of these sites to be in the range 
of  0.1–2.0 OH/nm2 based on prior studies [157-159] and under the tar 
reforming conditions, quantitative K-titration calculation corresponds to  
8–163 µg K/m2. This can be compared with the observed K uptake of  
10–40 µg /m2, in the range of the calculated K content. 

4.3.2 Potassium influence on catalyst activity  

Figure 4.9a displays the methane, naphthalene, and C10+ conversions over 
time. The C10+ components include 2-methylnaphthalene, 1-
methylnaphthalene, biphenyl, acenaphthylene, acenaphthene, fluorene, 
phenanthrene, anthracene, fluoranthene and pyrene. There is a significant 
initial increase in conversion for methane and higher hydrocarbons during 
first 10–15 hour ToS with the stabilized activities toward the end of Period 
1 as K is reaching equilibrium on the surface and the bed. S-Ni bond 
weakening and subsequently lower coverage of S at active sites may 
explain the improved activity toward methane and tar. Since S adsorbs 
stronger than K on Ni [150], it is a worse inhibitor and reducing its 
coverage improves the reforming activity of the catalyst. It is of importance 
to point out that all the studies conducted here involced essentially carbon-
free operation. The average C content was stable over time during activity 
tests meaning the promoting effect of K on the catalyst performance was 
not related to changes in carbon deposition. 
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Increased activity with K has been observed for methane and tar reforming 
in other studies [91, 160, 161]. K promoted activation of methane on a K 
doped NiO/Ni(100) surface was observed by Chen et al. [160], relating the 
activity promotion to improved selectivity of NiO toward C–H cleavage. 
Wangen et al. [91]  investigated a reforming catalyst doped with KCl and 
KNO3 and detected minor enhancement of the CH4 reforming rates, 
although a severe deactivation was observed at higher concentrations. 
Similarly for tar reforming, Kuchonthara et al. [56] reported on improved 
steam reforming of tar in the presence of potassium. K-doped 
support(alumina) displayed reactivity toward tar molecules [162] meaning 
a K-modified support may also contribute to the observed improved 
activity. Moreover, there is a less retarding effect of tar components on the 
steam reforming of benzene and methane. This has been revealed in other 
studies by Jess [163] and Wangen et al.[91] in the presence of higher 
hydrocarbons in gas mixture. These studies attributed the loss of activity 
to retarding site blocking effect (strong adsorption) and competitive 
adsorption, proving that the loss in activity was due to the influence of 
increased concentration of tar (naphthalene). In summary, the findings of 
this work under steady-state tar reforming conditions indicate that 
potassium promotes methane and tar reforming activity of Ni-based 
catalyst, even though in traditional steam reforming, K is known to block 
active nickel sites and decrease the catalyst activity above a certain 
threshold concentration [2, 53, 96]. In the recent studies by Marinkovic et 
al. [164] and Alamia et al. [47], positive effect of potassium in total tar 
destruction was observed in biomass gasification process. The observation 
was that addition of sulfur increases further the catalytic effect of already 
added potassium, decreasing the tar yield significantly [164]. Feeding 
sulfur enhances the activation effect by making a bond with potassium in 
the combustion side of the dual-fluidized bed system, keeping K in the 
system, and transporting it from combusting to gasification side which 
possibly become catalytically active as KOH or K2CO3 [164]. Although 
this observation is made for primary mitigation techniques and not in hot 
gas conditioning applications, it still describes an important influence of 
sulfur on potassium adsorption energy and their interaction in tar 
abatement applications. 
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Fig. 4.9. a) Average methane, naphthalene and C10+ conversion versus time on stream as 
intervals for Periods 1and 2, Campaign 4. b) Average methane and tar conversion as well 
as bed inlet S and K contents versus time on stream for Period 2 (no KCl dosing) with higher 
time resolution, Campaign 4. 

Figure 4.9b presents the Period 2 with higher time resolution and it also 
displays the bed inlet K and S concentrations during no KCl dosing. As the 
K content decreases and S content increases with a 3–4 hour delay, 

   
 



86 | Biomass-derived trace elements parametric study (papers I and II) 
  

methane conversion decreases significantly. The reverse phenomena 
explained for Period 1 due to K adsorption could explain the behavior of 
methane conversion in Period 2. Taking into account the standard deviation 
in tar measurement, its conversion appears to have no significant changes 
during Period 2.  This may be because methane is more intra-particle 
sensitive than is naphthalene (see section 4.2.2) as well as dynamics of the 
bed changing due to K desorption front moving over time. Other studies 
observed selective deactivation toward methane and no or less hindering 
of tar reforming in presence of H2S [163] [165]. Similarly, the core/shell 
behavior of K and the inter-particle diffusion limitations for naphthalene 
may be the reasons why methane conversion is more affected by K 
desorption than are the higher hydrocarbons. 

4.4 Preferential adsorption site for potassium 

To deepen the understanding of alkali adsorption and its influence on tar 
reforming activity, experiments were performed to clarify the preferential 
adsorption sites by measuring the activation energy of potassium 
desorption. Table 4.2 presents the prepared samples for  
SR-TAD study, the K and S content of each sample and desorption 
energies of potassium determined from the linear parts of Arrhenius plot. 
Due to experimental limitations, the highest temperature for SR-TAD 
experiments was 600°C, therefore there may be higher desorption energy 
states that were not probed in this study.  The spent samples were taken 
from different campaigns, as explained earlier. 
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Table 4.2. Sample characterization and the potassium desorption energies 

Samples 
K 

content, 
ppm 

S  
content, 

ppm 

Desorption 
activation 

energy  (eV) 
1. MgAl2O4 impregnated with K 540 0 1.09 
2. Fresh Ni/MgAl2O4 impregnated 
with K 

270 0 2.35 

3. Spent Ni/MgAl2O4 425 700 1.7 

4. Spent Ni/MgAl2O4 300 500 1.7 

5. Spent Ni/MgAl2O4 232 1100 1.9 
6. MgAl2O4 impregnated with K 
and calcined to 420 °C 

540 0 2.3 

7. MgAl2O4 impregnated with K 
and calcined to 800 °C 

540 0 1.8 

8. Fresh Ni/MgAl2O4 impregnated 
with K and calcined to 420 °C 

270 0 2.2 

 

The interpretation of the results are done by classifying the desorption 
energies as type of sites available for K adsorption in different samples: 

1. (2.2–2.35 eV): Fresh Ni-based and low-temperature (420°C) 
calcined support (MgAl2O4) has the highest desorption energy, 
meaning highest binding energy sites. This may be related to the 
availability of more active defective and OH sites on support that 
are eventually removed by high-T treatment of the samples.  
 

2. (1.7–1.9 eV): High-temperature calcination and tar reforming at 
800°C appears to remove high energy binding sites, resulting in 
the 1.7–1.9 eV desorption energy range for potassium. The 
desorption energy of K for spent catalysts are quite similar to each 
other and in the same range as high-T calcined support.  
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3. 1.1 eV: This was observed for K-impregnated support with no 
calcination. The 1.1 eV sites are just loosely bound K which if 
mildly calcined (420°C) will be better distributed over the  
2.2–2.35 eV sites. 

Bengaard et al. [100] studies on DFT calculated binding energy for 
potassium on nickel terrace sites pre-covered or without oxygen resulted 
in 1.3 eV and 1.35 eV respectively. Comparing the DFT calculated data by 
Bengaard et al. [100] and the experimental results in this work, K 
adsorption on the support appears to be the preferential adsorption site at 
the operating temperatures of tar reforming. This is in line with discussions 
in section 4.3.1, stating that alkali adsorbs with the initial preferential 
titration of oxide carrier OH- group /defects sites [90, 142, 144, 145]. It is 
important to state that these results are not solely conclusive and the 
observation for preferential adsorption site does not necessarily mean there 
is no adsorption of K on the active Ni surface, especially since sulfur 
significantly enhances the K adsorption strength at Ni surfaces compared 
to clean Ni [151, 152].  
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4.5 Summary: equilibrium K coverage and its effect 
on tar reforming 

Figure 4.10 is a simplified schematic of S-K/Ni/support system with the 
main findings summarized. 

 
Fig. 4.10. S-K/Ni/support schematic and the observed parametric study of S and K under 
steady-state tar reforming conditions. 
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A methodology was successfully developed and implemented to enable 
controlled investigation of gas-phase alkali influence on tar reforming 
catalyst activity under realistic steady state conditions (paper I). In 
summary, after elimination of transient effects caused by sulfur poisoning 
and sintering, the pre-treated catalyst (Step 1) was exposed to alkali and 
sulfur laden biomass gasification gas. K uptake was correlated with the 
gas-phase KCl concentration. A K-equilibrated surface under steady state 
tar reforming conditions was reached (Step 2). K-equilibrated coverage on 
the studies Ni/MgAl2O4 steam reforming catalyst under real tar reforming 
conditions was measured to be in the range of 10 to 40 µg / m2 BET and 
was calculated to be below 100 µg/m2 for a typical Ni-based steam 
reforming catalyst under tar reforming conditions (paper II). Although in 
traditional steam reforming, K is known to block active nickel sites and 
decrease the catalyst activity, findings of this study showed that it increases 
methane as well as tar reforming (paper II). This may be related to K 
interaction with S on nickel and/or support and the subsequent decrease in 
sulfur content of the catalyst. Retarding the site blocking effect of higher 
hydrocarbons and K-modified support surface may also contribute to the 
observed increase in activity (paper II). Furthermore, there was reduced 
methane reforming activity and no changes in activity toward tar, after 
decreasing the gas-phase KCl partial pressure (no KCl addition period) and 
the observed K desorption from the K-equilibrated catalyst surface (Step 
3). The preliminary study of the preferential adsorption site for K revealed 
that the support appears to be the preferential adsorption site on the Ni-
based tar reforming catalyst. However, these findings do not exclude the 
possibility of K and S co-adsorption and interaction on nickel.  

  

 



  

5 Tar (naphthalene) reforming surface 
chemistry (paper III) 

Naphthalene, a tar molecule commonly present in raw producer gas from 
biomass gasification and one of the most difficult ones to decompose [20], 
was chosen as a model compound for tar reforming surface chemistry 
study. Temperature dependent naphthalene adsorption, dehydrogenation 
and carbon formation on a model system, Ni(111), was studied using TPD 
and STM in an ultra-high vacuum environment from 110 K up to 780 K. 
Naphthalene adsorption energies, geometric distortion and redistribution 
of electronic density has been investigated using DFT molecular modeling. 
The most important results and discussion points are presented in this 
section.  

5.1 Naphthalene adsorption and structure 

Adsorption of naphthalene in room temperature on Ni(111) is shown in 
STM images in figure 5.1a. Results suggest a monolayer adsorption of 
naphthalene with a somewhat ordered structure on Ni(111) terraces. The 
order is not in the long range.  The orientation of naphthalene molecules 
are following the substrate. Figure 5.1b was acquired after annealing the 
sample to 373K and shows that the ordered patches have grown to 10–15 
nm and the molecule exhibits same orientations. DFT studies in this work 
suggests the planar configuration to be the energetically favorable structure 
for naphthalene. It also depicts three different preferred adsorption sites 
with quite similar adsorption energies (Figure 5.2), which confirms the less 
ordered structure of naphthalene on Ni in formats of small ordered 
domains. Compared with the Santarossa et al. [166] study, adsorption of 
naphthalene on Ni(111) found here is stronger than that of Pt(111) and 
Rh(111) in all three preferred geometries. 

Conclusively, the naphthalene adsorbs flat on the smooth terraces with the 
aromatic rings centered over Ni-bridge sites. The naphthalene on nickel is 
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strongly activated, reflected not only by the high adsorption energy, but 
also by the aromatic ring distortion. This has important practical 
implications since a bent molecule is much more prone to the catalytic 
modification, in particular, to dehydrogenation. 

 
Fig. 5.1. STM images from naphthalene adsorbed on Ni(111). a) 20x20 nm (-2.8 V, 80 pA), 
b) 40x40 nm2 high resolution image after deposition at 373 K.  

 
Fig. 5.2. Three adsorption geometries for naphthalene on Ni(111), obtained from DFT 
simulations,. a) Di-bridge[7], b) Di-bridge[6] and Di-hollow(30)[5]. Side view of an 
adsorbed naphthalene molecule is shown in d). 
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5.2 Naphthalene dehydrogenation and carbon 
passivation 

Figure 5.3a presents the TPD results for desorption rate of naphthalene. 
There is peak at temperatures below room T, related to naphthalene 
multilayers loosely bound and coming off below room temperature. No 
desorbed carbon species were detected QMS at above room temperatures, 
meaning all the C species were intact and no carbon is lost to the gas. 
Figure 5.3b presents TPD results for desorption of hydrogen at different 
naphthalene dosed coverage. The TPD temperature range of molecular 
hydrogen desorption (red-dashed spectra in Figure 5.3b) compared to 
temperature range of hydrogen desorption from naphthalene-dosed Ni 
surface is a proof that naphthalene only undergoes dehydrogenation at 
temperature above 380 K. There are two distinctive peaks for naphthalene 
dosed TPD, a low temperature peak and a high temperature peak. Previous 
TPD studies of naphthalene on Pt(111) and Rh(111) also revealed TPDs 
with two main features [167, 168]. The first dehydrogenation peak 
temperature happens at much lower temperature on Ni compared to Pt and 
Rh. The first peak is related to first two hydrogen desorption since the 
integrated area underneath the first peak accounts for 25% of the total area, 
and the second peak with the wider temperature range accounts for the rest 
of the dehydrogenation of the hydrocarbon fragments. 
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Fig. 5.3. TPD spectra after 0.5 L, 1 L, 2 L, and 3 L naphthalene dosing on Ni(111) at 
T=110 K  a) m/z=128 b) m/z=2.  

The onset temperature of the TPD signal can be used as a fingerprint for 
C–H breakup. Based on calculations explained in Section 3.2, activation 
energy for H2 desorption from naphthalene-dosed Ni was calculated to be 
1.3 eV for 1 L dosing (low coverage). Pre-factor for linear parts of 
Arrhenius plots was calculated to be approximately 1 order of magnitude 
lower than expected (10-13). This is not surprising as it has been recently 
reported that pre-factors for dissociations are 1 to 3 orders of magnitude 
lower than pre-factors for desorption of the same molecule [169]. H2 
activation energy for desorption from clean Ni(111) surface was calculated 
to be 0.99 eV for low coverage and lower for high coverage[170].  The 
calculated activation energy for C–H break-up agrees with the calculated 
energy barrier for the first dehydrogenation coronene on Ir(111) [80]. 

To gain further insight into the dehydrogenation mechanism of 
naphthalene, several consecutive TPD experiments were performed with 
no cleaning step (see Section 3.2) in between. The results are displayed in 
figure 5.4. The intensity of the molecular hydrogen dosed surface also 
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decreased after each cycle of dosing, meaning the available surface on 
nickel is decreasing. The intensities of low-T peaks (around 450 K) and 
high-T peak (around 600 K) were lower due to passivation of the surface 
with C-containing molecules occupying the available surface sites for 
reactions. The formation of carbon fragments on the surface passivated the 
surface for both hydrogen adsorption and naphthalene dissociation. 

 

Fig. 5.4. TPD spectra for a hydrogen and naphthalene covered sample at 278 K and 3 L 
with seven passivation cycle 

Figure 5.5 presents STM image acquired after annealing a naphthalene 
monolayer at different temperatures. After annealing at a temperature of 
<470 K, the image shows ordered patches of naphthalene molecules and 
small height variations over larger distances, which could be due to work 
function variations over the surface, perhaps due to hydrogen atoms within 
the naphthalene layer. When annealing at temperatures up to 520 K, the 
ordered naphthalene patches vanished and approximately 1.5 Å higher 
areas appeared. 520 K is above the first hydrogen peak observed in TPD, 
and apparently the molecular order was broken. After annealing at 570 K, 
bright chain grew with an apparent height of 1.5 Å and ca 20 Å width. At 

   
 



96 | Tar (naphthalene) reforming surface chemistry (paper III) 
  

650 K, the chains have merged into a network like structure. The height of 
the bright pattern is 1.5 Å. Finally, after annealing at 780 K the height 
variation disappeared, leaving behind a smooth surface.  

 
Fig. 5.5. STM images of Ni(111) exposed to naphthalene (monolayer coverage) at room 
temperature and annealed to a) T<470 K, b) T=520 K, c) T= 573 K, d) T=650 K and d) T 
=780 K. The temperature was measured with a pyrometer. All images are recorded at 2 V 
positive tip bias. The longitudinal periodicity f) extracted from the STM image along the 
Profile 1 line is approximately 8–10 Å. 

The STM and TPD observations are in line with Wang et al.’s [81] STM 
and Lu et al.’s [82] molecular simulation studies. The chains observed in 
this study exhibit a longitudinal corrugation periodicity of 8–10 Å, as 
illustrated by the profile 1 line in figure 5.8f, close to the expected distance 
between carbon rings. Lu et al. [82] showed the formation of 5-m and 6-m 
rings and Wang et al. [81] observed formation of chains from C4 to C6 
species at 470 K on Rh(111), attributing this formation to  one-dimensional 
linear polyaromatic hydrocarbons. Furthermore, at high temperatures, 
network formation was also observed by Wang et al. [81], who suggested 
that it was due to coalescence of carbon clusters into chains, and further to 

 



Naphthalene dehydrogenation and carbon passivation | 97 
 

broader chains and finally to graphene. This observation is in line with Lu 
et al. [82] findings. On contrary, Patera et al. [171] and Lahiri et al. [172] 
suggested that surface carbides formed adsorbed hydrocarbons 
transforming into graphene at temperatures below 780 K. Although the 
obtained data were not directly able to distinguish between these two 
observations, they agree with the reaction pathway described by Wang et 
al. [81]  and Lu et al. [82]. 
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5.3 Naphthalene reaction pathway on nickel 

The obtained model system results, provide insight into the chemical 
reaction pathway leading from tar, in this case naphthalene, to carbon 
formation on nickel. Figure 5.6 is a schematic of elementary steps involved 
in catalytic reaction pathway for naphthalene on Ni(111). 

 
Fig. 5.6. Schematic of the chemical reaction pathway from naphthalene to graphene on 
Ni(111). 

Naphthalene undergoes dehydrogenation on Ni(111) at 380 K. The second 
dehydrogenation step is accompanied by transformation of the adsorbate 
layer to graphene. This pathway starts with transformation from a surface 
of naphthalene ordered domains via a surface with patches, chains and a 
network like structures. From the catalysis point of view, the identity of 
molecule is important when it comes to degree of deactivation and carbon 
formation. For example, ethylene and aromatics are some of the worst and 
this has also been shown to be the case for PAHs of increasing size [89]. 
Within a surface carbide route to graphene, one would not expect such a 
drastic dependence on the molecular identity of the hydrocarbon. 
Therefore, the coalescence of reactive (hydro)-carbon structures seems 
much more likely on the basis of the catalysis literature. 

  

 



  

6 Catalytic conditioning of pyrolysis gas 
(paper IV) 

The industrial use of Fe-based catalyst for pyrolysis gas conditioning was 
successfully explored, including an investigation and elaboration of the 
chemistry taking place over the Fe-based catalyst. After the catalyst’s 
initial stabilization and fluctuations in temperature and during the stable 
run, the real pyrolysis gas was treated for 8 hours in a small industrial scale 
facility. The conditions of the operation were deemed stable, based on the 
stable temperature profile and permanent gas compositions during the run. 
An endotherm developed at the inlet of the catalytic bed and a lift in 
temperature along the bed was observed which was partly related to 
oxygenate deoxygenation and cracking/steam reforming of the pyrolysis 
gas and forward WGS reaction, respectively. Section 6.1 and 6.2 presents 
the most important results gained from characterization of bio-crude, 
permanent gas and spent catalyst. 

6.1 In-depth bio-crude and gas analyses 

Figure 6.1 presents the yield changes for some of the components in  
bio-crude as observed in the GC-MS results. Significant oxygenate 
cracking/steam reforming activity of pyrolysis gas was observed with high 
reduction of acetic acid, methoxy phenols, ketones, catechol, and 
heterocyclic compounds indicating a slightly stabilized resultant bio-crude. 
A significant conversion was observed even for stable BTX compounds. 
Arab et al. [173] observed hydroxylation of benzene to phenol over an Fe-
based catalyst that may describe the changes in the stable BTX compounds 
in the bio-crude. Based on phenolic and alkylated compounds yield 
changes, it appears that the catalyst is less active toward reduction of 
phenol compounds. The increased conversion of p-cresol and 3-ethyl 
phenol is in line with other studies, displaying increased yields of alkyl 
phenols in gas-phase HDO [174-176] and alkylation [177, 178] processes 
using Fe-based catalyst.  
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Fig. 6.1. Yield changes of compounds in raw and treated bio-crude determined using GC-
MS. 

As displayed in table 6.1 for bio-crude C/H/O/S ,ash analysis, and KF 
titration, and mass distribution in raw and treated bio-crude as shown in 
figure 6.2, increase in water content of bio-crude  and decrease in oxygen 
content and bio-crude flow rates was observed. The increase in water 
content originated primarily from the very facile and fast oxygenate 
dehydration reactions.  
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Fig. 6.2. Mass distribution of bio-crude, permanent gas and water in raw and treated N2-
free pyrolysis gas. 

 

Table 6.1. C/H/O/S and ash analysis on dry basis (db), water content, Steam/C, O/C, and 
H/C of the raw and treated solvent-free condensate 

  

Raw 
condensate 

Treated 
condensate 

C 

wt% db 

50.3 59.3 
H 4.9 5 
O 44.8 35.7 
S <0.05 <0.05 
N <0.1 <0.1 

Ash 0.007 <0.001 
Water content 20 44.3  

 
  

Steam/C of condensate 
mol/mol 

0.33 0.9 
O/C of condensate 0.99 1.34 
H/C of condensate 1.84 2.81 
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Permanent gas flow rates are shown in figure 6.3. Increase of hydrogen and 
CO2 flow rates in permanent gas and decrease in CO and a negligible 
changes in methane and lighter hydrocarbons demonstrated significant 
WGS activity and minimal, if any, CO hydrogenation.  

 

 
Fig. 6.3. Average molar flows of permanent gas components in the raw and treated 
pyrolysis gas: a) CO2, CH4, CO, and H2, b) C2+ compounds. 
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Based on Van Krevelen diagram shown in figure 6.4, and the changes in 
CO2 and H2 content, one would expect other reactions beside oxygenate 
dehydration and forward WGS reaction to take place to a lesser extent 
(decarbonylation, decarboxylation) that contributes to syngas production, 
such as the observed acetic acid decomposition shown in GC-MS results. 
A high acetic acid decomposition activity is in accordance with Brijaldo et 
al. [179], who observed a high selectivity toward hydrogen production via 
catalytic decomposition of acetic acid by supporting palladium on an iron 
oxide carrier. 

 

 
Fig. 6.4. Van Krevelen diagram of the elemental compositions of raw and treated solvent-
free bio-crude (water-free). 
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6.2 Catalyst activity  

Table 6.2 shows XRD, carbon content and BET surface area of samples 
taken from inlet, middle and bottom of the bed. A drastic difference in 
surface chemistry of the gas components is anticipated depending on 
whether the active surfaces of the catalyst are of Fe-oxide or Fe-carbide 
character under the process conditions. In the case of Fe-carbide, a 
significant activity for CO and CO2 hydrogenation into methane and lighter 
hydrocarbon FT-products is expected [180-182]. The XRD analysis 
confirmed Fe3O4 as the bulk phase of the catalyst after the test and in line 
with the observed permanent gas changes, showing surface of the Fe-based 
catalyst under the process conditions was of Fe-oxide type rather than Fe-
carbide. 

Despite observed catalyst carbon laydown and sintering, there was no 
noticeable catalyst deactivation during the stable 8-hour of operation as the 
catalyst permanent gas composition was stable. The decrease in BET 
surface area is directly related to sintering as the decrease directly 
correlates with the relative increase in average crystallize sizes. Based on 
the carbon yield results, the carbon laydown is significant, however it is a 
small fraction of the total carbon in pyrolysis gas passed through the bed 
the entire test when compared with coke deposition on zeolite catalysts 
because of the strong adsorption of compounds on zeolites strong acid sites 
as well as steric hindrances [183-186]. 
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Table 6.2. Catalyst characterization results for fresh and spent samples. 

 

6.3 Proposed reaction pathways 

A simplified mechanism for the conversion of the pyrolysis gas, using the 
iron-based catalyst is proposed and illustrated in figure 6.5. Besides 
establishing the expectedly facile bio-crude dehydration, also other 
deoxygenation routes (decarbonylation and/or decarboxylation) and 
oxygenate cracking/steam reforming reactions (e.g., for acetic acid, 
methoxy phenols, BTX and heterocyclic compounds) were confirmed to 
take place as indicated by the results. Dehydrogenation is not favoured at 
low operating temperatures and hydrodeoxygenaiton is unlikely due to low 
partial pressures of H2 in this work and it is consistent with the fact that the 
hydrogen content does not increase in the bio-crude after catalytic 
treatment. On basis of the insignificant amounts of methane and minor 
amounts of higher hydrocarbons formed over the catalyst, CO/CO2 
methanation and higher hydrocarbon formation via FT chemistry is very 
limited, if taking place at all. The non-catalytic thermochemical 
conversions were negligible because the changes in the gas composition 
over the bed filled with inert material was insignificant [187]. 

 
Fresh 

catalyst 
Spent catalyst 

  
Top Middle Bottom 

BET surface area 
(m2/g) 

72 39.7 35.1 34.41 

ΔC (wt%) 0 10.8 10.2 9.7 

Relative Crystallite 
size (spent/fresh 

ratio) 

1 1.7 2.1 2.0 
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Fig. 6.5. A simplified reaction network for conversion of the pyrolysis gas. 

6.4 Implications of the technology 

Most of the techniques discussed in the literature on bio-crude steam 
reforming have drawbacks and are far from being applicable in industrial 
conditions. In conventional steam reforming, a pre-reformer is often used 
for converting higher hydrocarbons to syngas and CH4 prior to reformer. 
This allows flexibility in the choice of feedstock and higher inlet 
temperatures into the reformer. Trane et al. [21] suggested that a pre-
reformer  concept, in which bio-crude is first converted into C1- species at 
low temperature, before steam reforming at higher temperatures, has a 
potential to overcome the weaknesses in bio-crude steam reforming [21]. 
However, this possibility must be further investigated before the 
commercialization of bio-crude stream reforming. Some beneficial aspects 
of the pre-reforming concept are pointed out previously in section 2.2, such 
as low carbon laydown and extended stable operation times.  

The previously reported bio-crude conditioning concepts are for condensed 
bio-crude as well as high hydrogen pressures being used [188]. There are 
previous lab-scale studies on catalytic upgrading (HDO) of catalytic flash 
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pyrolysis [176, 189], uncondensed pyrolysis vapors [175, 190, 191] and 
model compounds [125, 192] studies, pointing out the advantage of direct 
pyrolysis gas condition process and indicating that Fe-based catalysts are 
interesting as low cost materials for oxygenate deoxygenation/conversion 
at intermediate temperatures. The results of the pyrolysis gas conditioning 
in this work, indicate that iron-based materials are potential candidates for 
application in a pyrolysis gas as a pre-conditioning step as illustrated in 
figure 6.6, prior to further treatment or use. The catalytic treatment is 
conducted without the need to condense out bio-crude and the operating 
temperature of the catalyst corresponds well to the conventional pre-
reformer conditions (350–500°C). Since the active phase of the catalyst 
under the process conditions was of Fe-oxide type (Fe3O4 observed for the 
bulk phase of the catalyst), a certain sulfur tolerance of the catalyst used 
can thus be expected [3, 193]. This is a very important feature for catalysts 
in biomass applications because of the non-negligible sulfur content in 
biomass. Therefore, a desulfurizaiton unit may be used after the pre-
conditioner to prevent coke formation in the unit in line with the suggestion 
of Trane et al. [21].  

Additionally, based on the results, a direct way to reduce the carbon 
laydown on the catalyst would be to recycle part of the exit gas, which is 
significantly richer in H2, H2O, and CO2, and significantly leaner in  
bio-crude, than the inlet gas. Recycling reformate in the pre-reforming of 
heavy feedstocks was demonstrated to effectively decrease coke deposition 
[2]. 

 

Fig. 6.6. Implication of the pyrolysis gas conditioning technology over an Fe-based catalyst: 
two-reactor concept (pre-reformer and reformer) for pyrolysis gas conditioning to syngas 
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7 Conclusions and future outlook 

This work was performed in the field of thermochemical conversion of 
biomass to synthesis gas via gasification and pyrolysis, ranging from 
atomic to small industrial scale. The aim of this work was to investigate 
the effect of potassium, a biomass-derived impurity, on tar reforming 
catalyst under realistic conditions and deeper understanding of tar 
reforming mechanism as well as exploring the industrial use of Fe-based 
catalyst for pyrolysis gas conditioning. The main conclusions and 
suggestions for future work are presented in the following sections. 

7.1 Catalytic (steam) tar reforming 

7.1.1 Complexity of the S-K/Ni/MgAl2O4 system 

Nickel-based catalysts are commonly used in industry for the catalytic 
steam reforming of non-renewable feedstocks and are also expected to be 
technically and economically feasible in applications such as biomass 
gasification. The complexity of biomass tar and the presence of impurities 
such as sulfur and alkali compounds remains a challenge for understanding 
the catalytic processes such as the effect of gas-phase alkali on tar 
reforming catalyst performance. Experimental studies were carried out on 
a Ni/MgAl2O4 steam reforming catalyst to evaluate the possibilities of 
investigating the interactions between gas-phase potassium species and the 
catalyst surface under fully realistic conditions. A methodology was 
successfully developed to facilitate a controlled investigation of combined 
potassium and sulfur influence on the catalyst performance. The crucial 
elements of this methodology were the accurate dosing of gas-phase alkali 
and the elimination of activity transients due to sintering and sulfur 
poisoning. After evaluating and implementing the methodology, it was 
concluded that the relevant K equilibrium coverages on the Ni/MgAl2O4 

steam reforming catalyst used under real tar reforming conditions, which 
were previously unknown, were in the range of 10–40 µg/m2 BET. Based 
on this, relevant K equilibrium coverages for a typical Ni-based steam 
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reforming catalyst under tar reforming conditions at temperatures 
exceeding 800°C were extrapolated to be below 100 µg/m2 BET. This is 
an important finding in terms of the gas-phase alkali uptake and 
equilibration on the catalyst surface. 

The most striking result found in this study was that as K coverage (θk) 
increases and reaches its equilibrium, it appears to lower the surface sulfur 
coverage (θs) at active Ni sites and increase methane as well as tar 
reforming. Although K can retard the activity of the catalyst in 
conventional steam reforming by blocking the active Ni (step) sites, the 
results observed here indicates an improving effect of potassium on both 
tar and methane reforming. It was suggested that K-induced softening of 
S-Ni bonds appears to explain the observed reduction in θs. The mechanism 
underlying sulfur and potassium interaction was discussed. However, this 
mechanism is not immediately clear and the results are not solely 
conclusive. Preliminary results indicate that the preferential adsorption site 
for potassium is on the support, possibly defect/O(H) sites, of a  
sulfur-passivated Ni-based catalyst. Therefore, a K-modified support 
surface may also contribute to the increase in reactivity toward tar 
components. This finding does not rule out the possible interaction of 
sulfur and potassium on the active Ni sites. During no KCl dosing period, 
K desorbed and methane reforming activity considerably decreased while 
higher hydrocarbon conversion did not change significantly. This 
observations was discussed to be the outcome of intra-particle diffusion 
limitations being less severe for methane as well as the dynamics of the 
bed changing over time as the K desorption front moves through the bed. 

In terms of industrial relevance, the positive effect of K on the methane 
and tar reforming catalyst in presence of the sulfur could be to change 
potassium or sulfur coverage on the catalyst surface by having a potassium 
(or sulfur) source upstream of the dusty/clean tar reformer, possibly after 
filtration, and adding the potassium (or sulfur) to tailor θk, so that the 
activity toward tar molecules improves. Another alternative for tailoring θk 
could be to modify the filtration process to achieve the desired θk, since the 
level of impurities depend on the filtration temperature as well as chemical 
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and physical properties of the dust collected in the filter cake. A better 
understanding of sulfur and potassium interactions with the Ni-based 
catalyst and the tar reforming mechanism is therefore required to optimize 
tar reforming processes. 

Future work could focus on extended methane and tar reforming activity 
studies during the K desorption period. More experimental and theoretical 
work is needed to further elucidate the complexity of S-K/Ni/MgAl2O4 
system. This could establish decay curves for potassium desorption and 
also address the importance of K-modified support in tar reforming for Ni-
based catalysts. To deepen the understanding of alkali adsorption and its 
influence on tar reforming activity, experiments must be designed to 
elucidate the influence of K on S adsorption energetics on Ni and determine 
K adsorption energy on sulfur-passivated nickel. Furthermore,  
design-enabling surface science and computer technologies (DFT 
modeling) may establish the thermodynamics of the speciation and 
distribution of K on support and S/Ni and clarify the interaction of 
potassium and sulfur on Ni, which will eventually leads to the development 
of a thermodynamic model of K-relevant species on steam reforming 
catalyst. In terms of alkali and tar measurement, use of more novel methods 
for accurate on-line characterization of alkali and heavy tar compounds in 
hot producer gas is suggested for future work. Another suggestion for 
future study is to investigate the possible effect of potassium uptake on  
Ni-based catalyst sintering in reducing environment of tar reforming.  

7.1.2 Tar reforming surface chemistry 

This part of the study focused on better understanding the mechanism of 
tar reforming using a model system. Experimental and theoretical studies 
of naphthalene, a tar molecule commonly found in raw producer gas from 
the low-temperature biomass gasification route, adsorption and 
dehydrogenation on Ni(111) are scarcely reported in the literature. A 
combined experimental and theoretical approach to understand the 
catalytic reaction pathways revealed that the naphthalene on nickel is 
strongly activated, meaning that it is prone to catalytic modification. The 
STM and TPD studies demonstrated that naphthalene dehydrogenation 
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occurs in two steps. The first step is accompanied by the dehydrogenation 
of 25% of the hydrogen. The second dehydrogenation step goes along with 
dehydrogenation of rest of the hydrocarbon fragments and transformation 
of the adsorbed naphthalene to graphene. The mechanism for this reaction 
pathway starts with surface of ordered domains of naphthalene molecules 
transforming into surface with patches, polyaromatic-like chains merging 
into network-like structure, and finally the coalescence of reactive (hydro)-
carbon structures into graphene. In conclusion, the obtained model system 
results provide insight into tar reforming surface chemistry and may serve 
as a good starting point to advance the design of new catalysts and 
processes for aromatic hydrocarbons reforming. One should, however, 
keep in mind the pressure and material gaps in the model system study and 
their influence on the observed results. 

Future work with this model system could focus on investigating 
dehydrogenation in different environments, such as added steam, 
potassium, and sulfur as well as for different aromatic molecules, such as 
toluene and pyrene. Other model systems such as Ni(110), Ni(100), and  
Ni(211) must be investigated and compared with Ni(111) results. 
Performing the experiments in near-ambient pressure could help bridge the 
pressure gap to a certain extent. 

 

7.2 Biomass pyrolysis gas conditioning  

The main focus here was to investigate the industrial use of an Fe-based 
catalyst for pyrolysis gas conditioning and its potential as a  
pre-conditioning step before further treatment or use of the gas. The study 
included the elaboration of the chemistry of pyrolysis gas conditioning 
resulting in bio-crude deoxygenation and a hydrogen-rich gas, using an  
Fe-based catalyst, without addition of hydrogen or steam. After the in-situ 
initial stabilization of the catalyst, an increase in permanent gas and 
reduction in the bio-crude and its oxygen content were observed in the 
treated pyrolysis gas. A major dehydration of oxygenate occurred over the 
catalyst. Significant oxygenate cracking/ steam reforming activity of 
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pyrolysis gas was displayed with high reduction in the yields of for 
instance, acetic acid and methoxy phenols. Despite the carbon laydown and 
sintering, there was no clear catalyst deactivation during the run and 
catalyst displayed strong WGS activity. No CO/CO2 hydrogenation 
activity into lighter hydrocarbons was observed, pointing out the active 
surface of the catalyst being of Fe-oxide type rather than Fe-carbide type. 
This is in line with the observed Fe3O4 as the bulk phase of the catalyst. 
The results indicate that iron-based catalysts are a potential candidate for 
direct pyrolysis gas conditioning and also for application in a pre-
conditioning step, for example in a two-stage reformer concept for 
synthesis gas production. 

Longer exposure times are necessary to evaluate the lifetime of the catalyst 
and the viability of the proposed technology. Even though the iron-based 
catalyst is sulfur-tolerant to a certain degree, research efforts must also 
focus on the influence of sulfur in pyrolysis gas conditioning. Experiments 
at different operating conditions, improved catalyst stabilization method, 
and recycling part of the treated pyrolysis gas to reduce carbon laydown 
are some possible measures to investigate in the future. 
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