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Abstract

Gasification of biomass will likely play an important role in the
production of energy and chemicals in a future sustainable society.
However, during gasification impurities, such as tars, will be formed. Tars
may cause fouling and blockages of equipment downstream the gasifier. It
is therefore important to minimize the formation of tars, alternatively to
remove the formed tars. These processes need to be monitored, which
makes it necessary to develop tar analysis methods suitable for this task.
This work describes the development of two tar analysis methods, an
on-line method based on a photoionization detector (PID) and an off-line
method based on solid phase microextraction (SPME). Both methods were
successfully validated against the established solid phase adsorption (SPA)
method.
The method based on PID was shown to have a very fast response
time. Furthermore, the PID method is selective towards tar, but only
limited information will be obtained regarding the composition of the tar
compounds. The PID method is suitable for applications where it is
important to detect fast changes of the tar concentration, i.e. process
monitoring.
The SPME method was shown to be a very sensitive method for
qualitative and quantitative tar analysis. The sampling temperature was
shown to be crucial for obtaining analysis results with the wanted detection
limit. The SPME method is suitable for applications where extremely low
detection and quantification limits are needed, i.e. for syngas production.
Keywords: Biomass, Gasification, PID, SPME, Syngas, Tars
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Sammanfattning
Förgasning av biomassa kommer troligtvis spela en viktig roll i
produktionen av energi och kemikalier i ett framtida hållbart samhälle.
Förgasning ger dock upphov till en del biprodukter såsom tjära. Det är
därför viktigt att minimera bildningen av tjära alternativt avlägsna den
bildade tjäran. Dessa processer behöver övervakning, vilket gör det
nödvändigt att utveckla lämpliga analysmetoder.
I detta arbete ges en beskrivning av utvecklingen av två
tjäranalysmetoder, en on-line metod som är baserad på fotojonisering
(PID) och en off-line metod baserad på mikroextraktion på fast fas
(SPME). Båda metoderna har med framgång validerats mot det etablerade
SPA metoden.
PID-metoden visade sig ha en mycket snabb respons. Vidare visade
sig PID-metoden vara selektiv för tjära, men endast begränsad information
kunde erhållas om tjärans sammansättning. PID-metoden är lämplig då det
är viktigt att detektera snabba förändringar i tjärkoncentrationen, t.ex. vid
processövervakning.
SPME-metoden visade sig vara en mycket känslig metod för
kvalitativ och kvantitativ tjäranalys. Provtagningstemperaturen visade sig
vara viktig för att erhålla analysresultat med den önskade
detektionsgränsen. SPME-metoden är lämplig för applikationer där extremt
låg detektions- och kvantifieringsnivåer krävs, t.ex. vid produktion av
syntesgas.

Nyckelord: Biomassa, Förgasning, PID, SPME, Syntesgas, Tjära
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Chapter 1
Introduction
1.1 A historical view of biomass gasification
The utilisation of biomass for light and heating has been essential
for mankind for thousands of years. Gasification and pyrolysis of biomass
also have an ancient history as they play central roles in the production of
charcoal from wood in a process called charring. Wood was collected in
piles that were covered with turf or clay and then fired. The covering of the
wood piles creates an oxygen deficient environment which leads to
pyrolysis/gasification of the wood 1.
The relatively modern history associated with pyrolysis gases started
around 1600 when Jan Baptist van Helmont, the Flemish scientist,
discovered carbon dioxide and distinguished gases as a class of substances.
He was the first scientist to introduce the term gas in its present scientific
sense. In years to come other researchers continued to carry out
experiments within gas production but failed to turn the obtained gases
into practical use. In 1727 Dr. Stephen Hales published his results
regarding the gases which were produced during his experiments. In his
book Vegetable Staticks he described a constructed device which could
capture and measure the released gases. Later this equipment was shown to
be essential for the work of Josef Priestley and Antoine-Laurent Lavoisier
in dismantling the phlogiston theory which postulated a fire-like element
called phlogiston, contained within combustible substances, that was released
when they were burnt 2.
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In 1777 the Scottish engineer William Murdoch, employed at the
engineering firm of Matthew Boulton and James Watt, contributed to gas
lighting. He had discovered the properties of gas as an illuminant. He later
developed a method to rapidly heat coal in absence of air which partly
converted the coal into gas and left a solid residue, coke; today these
phenomena would be called coal pyrolysis 2.
Despite the long history of biomass usage, almost all of the
development of the technology for biomass gasification has been done
from the start of the 20th century. One of the first applications of the
produced gas from gasified biomass was as fuel for engines. The gas from
the gasifier was sucked into the engine and it was therefore known as
“suction gas” 1. By 1920, around 150 vehicles equipped with a gas
producer/gasifier were in use 3. Another important role of gasified biomass
was in the production of synthetic chemicals such as ammonia, methanol,
diesel etc during shortages of natural gas and other fossil fuel. As
inexpensive natural gas and other fossil fuels became available gasified
biomass was in most cases replaced. However, there have been periods in
recent history when the position of gasified biomass in society was
strengthened. The time around World War II was one of these. The
shortage of fossil fuels led to a revitalization of producer gas technology.
Successful operation and utilization of gasifiers during the war encouraged
the construction of charcoal and wood gasifiers. In Europe nearly one
million wood or charcoal gasifiers were in use to drive vehicles and
generate electricity 4. The operation of these gasifiers was accompanied by
some difficulties. Maintenance of the gasifiers and repair of the engines
were time consuming, and when wood was used as fuel the gas cleaning
was less effective. Thus it was no surprise that gas generators were
displaced as soon as liquid fuels were again available5. Another example of
a time period when producer gas technology attracted interest was during
the oil crisis in the beginning of the 1970s. The awareness of environmental
problems associated with the use of fossil fuels has since about 1990s given
rise to a new strong period of biomass gasification.
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Yet today, the main globally source of the energy for transport and
chemical production is based on fossil resources and their importance has
been growing with the increase of the energy consumption of the world 6.
The negative consequence of this use is manifested in global warming as a
result of increased content of CO2 in the atmosphere 6. An insecure future
in terms of energy resources is also a concern due to depletion of the fossil
fuel sources. Hence finding a way of producing sustainable and green
energy is the new challenge that mankind presently faces. In this scenario
thermochemical conversion of biomass and waste using gasification can
play an important role. However, the process is generally accompanied by
some technical difficulties such as formation of particulates, tar and
inorganic impurities. The formation of tar is an essential problem which in
many cases obstructs commercialization of the process 6.
1.2 The scope of the work
The work presented in this thesis consists of the first steps in the
development of an on-line tar measurement system based on photo
ionization detection (PID) and development of a tar sampling method
based on solid phase micro extraction (SPME). Benefits and drawbacks of
these tar analysis methods have been carefully examined and compared
with other available tar analysis methods. Special focus has been devoted to
investigating the response time, quantitative and qualitative information
obtained as well as the robustness of the methods, for the SMPE method
focus was also directed to the determination of the quantification and
detection limits. A study was conducted in order to identify and quantify
the influence of changes of the analysis conditions. Furthermore the tar
analysis methods were validated against a well-established method both for
tar model compounds and real producer gas from the gasifier.
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1.2.1 Objectives of the work with PID

The focus of the work with PID was to develop a method suitable
for the application of industrial process control. The aim was to reach a
proof-of-concept of the analysis method rather than to develop the method
to commercial level. The work included in this part of the thesis has been
conducted at the Department of Chemical Engineering and Technology,
Division of Chemical Technology, Royal Institute of Technology (KTH)
Sweden and at the Biomass Technology Group (BTG) Netherlands. The
research has been conducted in close cooperation with the industrial team
at BTG.
1.2.2 Objectives of the work with SPME

Development of the sampling method using SPME was dedicated to
analysis of trace amounts of tar in clean gas. The work included in the
thesis has been conducted at the Department of Chemical Engineering and
Technology, Division of Chemical Technology, KTH Royal Institute of
Technology Sweden.
1.2.3 Thesis outline

The first part, chapters 1-4 and partly 5-6, aims to introduce all
relevant technical terms and set the work performed in context in order to
fully understand the second part. The second part, chapters 5-6, is based on
the appended papers. This part aims to describe the experimental setup and
results achieved. The third part, chapter 7, aims to highlight the most
important findings and their consequences.

4

Chapter 2
Gasification
2.1 The fundamental of biomass gasification
Partial oxidation of biomass or other feedstocks at high temperature
involving some oxidizing agent such as air, oxygen, steam, carbon dioxide
or combination of these, results in the production of fuel gas. The
temperature used for gasification is usually 600-1000 °C. Fig. 1 illustrates
the different steps taking place in gasification of biomass or other
feedstocks to raw gas.
A number of processes are involved in biomass gasification:
1) Drying of the feedstock used in the thermo-chemical
decomposition
2) Pyrolysis of the cellulose, hemicellulose and lignin to produce
char and volatiles such as permanent gases, light hydrocarbons
and tars
3) Decomposition of char and tar into permanent gases such as
CO2, CO, CH4 , H2 and N2 by the introduction of reducing agents
and sometimes a catalyst 6.
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Figure 1. Schematic illustration of the gasification process [7]

The following main reactions can be used to describe the processes
represented in Fig. 1. 6 :
Feedstocks → Char + tars + CO2 + H2O + CH4 + CO + H2 + (C2 - C5)

(1)

C + ½ O2 → CO

∆H = -109kJ/mol

(2)

C + CO2 ↔ 2CO

∆H= +172 kJ/mol

(reverse Boudouard)

(3)

C + H2O ↔ CO + H2

∆H= +131 kJ/mol

(water gas reaction)

(4)

CH4 + H2O ↔ CO + 3H2

∆H= +159 kJ/mol

(steam reforming)

(5)

CO + H2O ↔ CO2 + H2

∆H= -42 kJ/mol

(water gas shift)

(6)
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Reaction (1) describes the endothermic pyrolysis process. Reactions
(2) – (6) are the common reactions included in the gasification process 6.
As seen in Fig 1. tar and inorganic impurities remain after the
gasification step. The amount of produced tar depends on the gasification
technology, feedstock and operating temperature. Detailed information
about the effect of temperature on the production of tars can be found in
chapter 3. The effect of feedstock variety on tar content and composition is
shown in Fig 2. The data has been extracted from the experiment with a
dual fluidized bed steam gasifier at Vienna University of Technology 8 .

Figure 2. Effect of feedstock variation on the concentration of produced tar [8]

2.2 The technology of gasification

The appearance of the employed gasification technology depends on
the feedstock and desired product.
As illustrated in Fig. 3, several steps and processes are involved in a
gasification system. Pre-treatment of the fuel upstream the gasifier such as
chipping, sizing, torrefaction and pyrolysis is the first step. Different types
of gasifiers such as BFB (bubbling fluidised bed), CFB (circulating fluidised
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bed), entrained flow and fixed bed gasifiers can be used to convert biomass
and waste to syngas.

Fuel treatment:
Drying, Sizing,
Fractioning

Gasifier:
BFB, CFB
Fixed bed
Entrained Flow

Particle removal
Inorganic removal,
Tar/CH4 removal,
Shift hydrolysis,
Hydrogenation

Synthesis
upgrading

DME, H2, CH3OH,
FT, SNG, R-OH,
Gas turbine,
Fuel cell Power

Figure 3. Different steps and processes in gasification systems [6]

The gas produced by gasification is not possible to use directly for
gas turbines, fuel cells and synthetic fuel applications. The gasification gas
contains impurities such as inorganic compounds, particles and tars in
different amounts depending on the type of gasifier and feedstock. These
contaminants may cause problems such as plugging, erosion, corrosion and
catalytic poisoning downstream the gasifier. The different end user
applications of the produced gas put different demands on the level of tar
and other impurities that can be tolerated. Hence some kind of cleaning of
the gas such as tar reforming, filtration, scrubbing and gas cooling is
required. Table 1 illustrates the purification level of the syngas impurities
generally required by the industry 7 and Table 2 illustrates the concentration
limits of tar for different end user applications 1.
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Table 1. Purification level of syngas impurities [7]

Impurity

Removal level

Sum of sulphur compounds (H2S + COS + CS2)
Sum of nitrogen compounds (NH3 + HCN)
HCl + HBr + HF
Alkaline metals
Solids (soot, dust and ash)
Organic compounds (hydrocarbons, tars)

< 1 ppmV
< 1 ppmV
< 10 ppbV
< 10 ppbV
Essentially complete
Below dewpoint

Table 2. Concentration limit of tar for different end user applications [1]

Application

Tar (mg/Nm3)

Gas engine
Gas turbine
Syngas
Methanol synthesis
Fuel cell

< 50
< 50
< 0.1
< 0.1
<1

As mentioned previously the formation of organic compounds or
tars is one of the most important problems for the gasification technology.
There are different types of gasifier technology, three of the most common
gasification reactors are presented in Table 3:
 Moving bed gasifier (updraft and downdraft)
Fluid -bed gasifier
Entrained-flow gasifier

9

Table 3. Different types of gasification technology

In the updraft gasifier
the gasification agent is
added at the bottom and
the fuel at the top of the
reactor. The gas and the
fuel move in opposite
directions
to
each
9
other .
In the downdraft gasifier
the fuel is fed from the
top of the reactor and
the gasification medium
is added at the middle 10.

The quality of the
produced gas is low.

When
the
drying,
pyrolysis and reduction
take place in a fluid bed
the employed reactor is
called fluidized bed. The
reaction rate is high due
to the excellent mixing
and heat conduction of
the fluidized bed 10.

The tar content in the
syngas is quite low

The
Entrained-flow
gasifier operates at high
temperature around
1200-1500 °C,
depending
on the oxidizing
medium. The fuel can
be in the form of gas,
solid powder or slurry.

The produced gas has
high temperature and
calorific value and it is
almost tar free 10.

The quality of the
produced gas is fairly
good and has low level
of tar.
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A comparison between a fluidized bed gasifier and two types of fixed
bed gasifiers, the downdraft and updraft, indicates differences in tar
formation. Numerous measurements testify that the downdraft gasifier
produces less tar in comparison with the fluidized bed and the updraft
gasifiers. The results of this comparison are shown in Table 4.
Table 4. Comparison of gasifiers [1]

Gasifier
Downdraft
Updraft
Fluidized
Entrained- flow

Tar content g/Nm3
<1
50
10
≈0

Parameters such as temperature/time history of particles and gas,
feed introduction, meticulousness of circulation (fluidized beds) and the
degree of channelling (fixed beds) determine the amonut of tar. Other
parameters which may influence the quantity of tar are: distribution of feed
particle size, atmosphere (O2 , steam), bed geometry and the extraction and
analysis method of tar 11. Regarding the energy content of the producer gas,
the presence of tar is not considered to be an issue. For example, if the
producer gas is used as fuel where cooling and condensation of tar are not
required.
As illustrated in Fig. 4 there are mainly two routes for gas cleaning
and upgrading. Wet gas cleanup and hot gas cleanup. The first one mainly
consists of a physical and chemical washing method which removes tar and
impurities at low temperature and results in loss of energy in tar. Hot gas
cleanup employs hot gas filters and catalysts which remove alkali metals
and particulates and decompose tar to gases. Selection of these routes is
dependent on the gasifier reactor technology and end-user application 7.
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Figure 4. Gas cleaning and upgrading routes

As mentioned before there are numerous parameters that can
influence the amount of tar in the producer gas. It is essential to obtain
reliable information about the amount of tar in the gas after the different
treatment steps.
In order to control the process in real-time a convenient and rapid
tar analysis method is required to give feedback to the control system of
the process. Almost all developed tar analysis methods currently available
are off-line methods, which are not suitable for this application due to the
long analysis time. There is a need for a fast on-line tar analysis that is
reliable and sensitive enough for the very low tar concentrations possible to
obtain with modern gasifiers and upgrading equipment. A measurement
method based on PID is a feasible option which enables on-line analysis of
producer gas before and after hot gas cleaning and it is one of the main
topics in this thesis (Papers I, II).
The conventional tar sampling method requires a very long sampling
time in order to give accurate results for low tar levels, which is impractical
for process monitoring. Another method, the Solid Phase Adsorption
(SPA) method is more rapid (45 minutes/sample) and therefore more
suitable for process monitoring. However the detection limit of 2.5
mg/Nm3 is too high for analysis of syngas. Hence, there is a need for a
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reliable tar sampling method to measure tar concentrations at levels below
0.1 mg/Nm3, which in this context can be regarded as trace amounts.
Furthermore, in order to be useful for process control the tar sampling
method also needs to be as rapid as the SPA method.
Different end–user applications put different demands on the purity
of the gas. In the case of syngas applications, trace amounts of tar also
challenge the downstream gas upgrading. These low levels of tar are very
demanding in terms of chemical analysis of the final synthesis gas and
today no viable tar sampling method is available. SPME with a detection
limit below 0.1 mg/Nm3 is an excellent method to be used in clean-gas
applications to measure the low concentration of tar (Papers III, IV).

Chapter 3
Tar
Biomass in the form of wood mainly consists of a mixture of organic
polymers such as cellulose, hemicellulose and lignin. As a rule of thumb,
each of them stands for 1/3 of the total composition 8. The bonds in the
structure are broken when these polymers are exposed to heat and
oxidative/reductive conditions resulting in formation of smaller
compounds such as tar, char, H2O, CO2, CO, CH4 and H2. The breakage of
the lignin bonds is the responsible factor for aromatic tar formation and
the other two polymers give rise to the formation of non-aromatic
hydrocarbons 12.
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3.1 Tar formation and maturation
As mentioned previously cellulose, hemicellulose and lignin are the
predominant constituents of wood13. Figs. 5-7 illustrate the molecular
structure of these polymers. Comparison of the structures displays lignin as
the only aromatic compound 11. Some of the aromatic tar compounds are
shown in Fig. 8.

Figure 5. Structure of cellulose [2]

Figure 6. Structure of hemicellulose [2]
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Figure 7. Structure of lignin [2]
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Anthracene
MW: 178.23

Acenaphthylene
MW: 154.21

Figure 8. Examples of aromatic tar compounds

Table 5. Characteristic tar composition in different temperature intervals

Primary (400 °C)

Secondary

(500-700 ° C)

Tertiary

(800-900° C)

R-COO-H
R-COH

Creosol
Naphthalene

R-CO-R
Phenol

Pyrene

R-OH
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Thermal decomposition of biomass occurs at 200-500 °C in a
process referred to as pyrolysis. Pyrolysis converts cellulose, hemicellulose
and lignin to primary tars which consist of condensable organic molecules.
As shown in Table 5, when the temperature is increased above 500 °C, the
primary tars transform into phenolic compounds (secondary tars) and
further into aromatic hydrocarbons (tertiary tars). This transformation is
illustrated in Fig. 9. External heating produced by charcoal combustion is
used to start the pyrolysis which produces the primary tars. The gasification
process, taking place at a temperature of 700-900 °C, cracks the primary
tars into a smaller amount of secondary tars and gas molecules. The
secondary tars (oxygenated tars) are less problematic than the tertiary tars
(non-oxygenated polyaromatic hydrocarbons) from the point of view of
thermal cracking. The secondary tars crack at 700-800 °C whereas the
tertiary tars require a temperature in the range of 850-1200 °C 14.

Mixed
oxygenated

Phenolic
Ethers

Alkyl
Phenolics

Hetrocycle
Ethers

500 °C

600 °C

700 °C

400 °C

Primary tars

Secondry tars

PAH

Larg
PAH

800 °C

900 °C

Tertiary tars

Figure 9. Tar transformation scheme proposed by Elliot [11]

Mixed
oxygenated
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Chapter 4
Tar analysis
During the last decades there have been several attempts to develop
tar analysis methods to measure the tar concentration in crude and clean
gas from the gasifier. This chapter is dedicated to describe previous as well
as ongoing efforts within tar analysis.
4.1 Properties of tar
Efforts have been made during the last decade to categorize the tars
and it turned to be a complicated task. The possible reasons for this
complexity can be the differences in amount of produced tar and
composition of the tar, the way tar is collected and analyzed. The
composition of the tar is dependent on the conditions of formation. For
instance, pyrolysis tars produced at low temperature are aromatic
compounds with a high percentage of oxygen and nitrogen whereas,
aromatic tars produced at high temperature barley contain any heteroatoms
such as oxygen and nitrogen15. Fig. 10 shows a GC chromatogram
illustrating the different aromatic compounds represented in tar. It is
complicated to sample the tar due to its nature and behavior in different
temperature intervals. For example, some of the tar compounds are watersoluble which means they can be removed by water scrubbing and some of
them, for instance volatile organic compounds (VOC), are water insoluble
and cannot be removed by this method. Tar condensation is another factor
responsible for complicating the tar sampling and measurement. Avoiding
condensation puts different demands on choosing the sampling
temperature for different tar compounds.
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Fluoranthene
Pyrene

Phenantheren
Anthracene

Fluorene
Acenaphthylene
Acenaphthene

1-Methylnaphthalene

Naphthalene

Indane
Indene

2-Methylnaphthalene

TBCH
m/p-Xylene
o-Xylene

Toluene

Benzene

Figure 10. GC-FID chromatogram for aromatic tar compounds

4.2 Classification of tar
As mentioned before tars are different in nature and behavior at
different temperatures. For instance some are water soluble and some are
water insoluble thus, it is essential to classify them in order to find a
standard method for tar sampling. Much effort has been put on the
standardization of tar collection and as a result different definitions of tar
have been developed.
A molecular beam mass spectrometer (MBMS) was used by Milne
and Evans 11 to analyze the tar composition which resulted in a suggested
systematic classification of pyrolysis products. Four main classes were
represented after gas-phase thermal cracking reactions:
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Primary products: characterized by cellulose–derived products such
as levoglucosan, hydroxyacetaldehyde and furfurals; analogous
hemicellulose-derived products and lignin-derived methoxyphenols
• Secondary products: characterized by phenolics and olefins
Alkyl tertiary products: include methyl derivatives of aromatics, such
as methyl acenaphthylene, methylnaphthalene, toluene and indene
• Condensed tertiary products: show the PAH series without
substituents: benzene, naphthalene, acenaphthylene, pyrene and
anthracene/phenanthrene.
•

The tar sampling protocol has been developed to standardize the
sampling method. Tar defined by this protocol considers all organic
compounds with a boiling point above that of benzene16.
Another classification of tar compounds has been proposed by ECN,
based on the behavior of individual compounds in downstream
equipment 15. This classification is given in Table 6.
Table 6: Classification of tar compounds according to ECN

Class 1

GC-undetectable compounds

Class 2

Heterocyclic aromatics like phenol, pyridine, cresol, quinoline

Class 3

Aromatics (1-ring) like xylene, styrene, toluene

Class 4

Light PAH (2-3 ringS) like naphthalene, phenanthrene, anthracene

Class 5

Heavy PAH (4-7 rings) like pyrene, fluoranthene

4.3 Off-line methods

Off-line methods considered as conventional, are based on cold
trapping followed by solvent extraction and final determination by weight
and gas chromatography (GC). Some of these methods will be briefly
described below.
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4.3.1 Esplin method

The first detailed description of a tar analysis method was presented
by Esplin in 1985 17 and it was an off-line method. The method was
developed for separation of real producer gas into solids, liquids and gas.
The amounts of solids and liquids are quantified by weight whereas the
total gas flow is measured by means of an orifice meter. The sampling
probe temperature was kept at 800 °C by using a standard Aerotherm. The
sample box contained a cyclone to separate the particulates, a gas
conditioning coil to bring the gas to a standard temperature of 200 °C, a
filter to remove the fines, and an orifice meter for measuring the sampling
rate. All these parts were kept at a temperature of 200 °C. To keep the filter
at this temperature was essential to avoid thermal cracking of the tar and
particulates at higher temperature and to avoid tar condensation on the
filter and plugging at a temperature lower than 200 °C.
The larger particulates of the sample are first collected in a cyclone
which operates at a suitable temperature to avoid condensation of liquids.
The temperature of the sample is then lowered to 200 °C and passed
through a glass fibre filter in which fines and part of the condensed tars are
collected. The sample is thereafter cooled to around 0 °C and the resulting
condensed liquid and water vapor are collected in an impinger train. The
dry gas exiting the impinger train is suitable for conventional gas analysis.
Fig. 11 illustrates the sampling set-up. This method has never been
commercialized due to huge consumption of solvent and being very time
consuming.
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Figure 11. Gasifier sampling train [16]

4.3.2 European tar protocol

The European tar protocol is another off-line method which started
to take form at a meeting in Brussels 1998. The objective of the meeting
was to reduce the differences between the tar collection methods and tar
definitions. The comparison of operational data was difficult without
having an agreement about the definition of tar compounds and the way of
collecting them.
This agreement could enable development and
commercialization of the gasification technology. A decision was made by
the members of the Gasification Task of the IEA Bioenergy Agreement,
the US DoE and DGXVII of the European Commission to develop two
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sampling and analysis protocols. These two protocols which could be used
for both small scale and larger utility scale were further discussed at the
10th European Biomass Conference in Würzburg and is thereafter referred
to as the ‘Würzburg Protocols’. In April 1, 2000 the Würzburg Protocols
were standardised and integrated into the currently denominated ‘Tar
Protocol’ 18,19,20.
The basic principle of the tar protocol is the absorption of the
organic contaminants (tars) in an organic solvent. The solvent chosen for
this purpose should neither be toxic nor expensive. Solvents with low or
high boiling point are not suitable for this application due to their
evaporation rate. Therefore DCM (Dichloromethane) with low boiling
point is not an option. Acetone which has a higher boiling point than DCM
would be possible to use but the solvent chosen for this procedure is
isopropanol, which has a higher boiling point than acetone.
The method is designed to cover a wide range of gasifiers, operating
at temperatures of 0-900 °C, pressure of 0.6-60 bar and with a tar
concentration of 1-300 mg/m3 with a broad molecular-weight interval. As
illustrated in Fig. 12 the procedure consists of 4 units: gas preconditioning,
particle filter, tar collection and volume metering. As shown the moisture
and tar are collected in a series of six impinger bottles, known as ‘‘Petersen
columns’’. The first five impinger bottles are filled with isopropanol and
the last is empty. The three first impinger bottles are placed in a hot bath
and the last three bottles are placed in a cold bath for gradually cooling the
sample gas from about 20 °C to the final temperature of -20 °C. The first
impinger bottle is used as a moisture collector, but also part of the tar is
collected in this bottle. The following four impinger bottles aim to collect
all the remaining moisture and tar whereas the last bottle is used to assure
that all liquid is contained within the bottles 21. Qualitative and quantitative
information is the benefit of this method. The drawbacks of this method
are that it is time consuming and has been reported to be operator
dependent.
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Figure 12. Collection of moisture and tar

4.3.3. SPA method

The solid – phase adsorption method (SPA) developed at KTH by
Brage et al. (1997) is one approach to speed up tar sampling 22. The
principle of the SPA method is the trapping of tar vapors on a solid phase
extraction (s.p.e) tube loaded with 100 mg of amino phase (polar phase) as
shown in Fig. 13. The sample is adsorbed and condensed at room
temperature on the s.p.e column. A needle and a gas tight syringe
connected to the s.p.e column are used to collect the gas sample from the
process line by inserting the syringe needle into the process line via a
rubber septum. 100 mL of sample is collected in ~ 1 min by manually
pulling the gas through the column. Known amounts of two internal
standards PEP (p-ethoxyphenol) and TBCH (tert-butylcyclohexane) are
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added to the column to mark the retention for phenols and aromatics. The
column is eluted with 400 µL of DCM (dichloromethane) to collect the
aromatics and with 200 µL of IPA (isopropanol)-DCM to collect the
phenolic compounds. Phenols are derivatized to form trimethyl-silyl ethers
by
addition
of
50 µL
of
BSTFA
(N,O-bis(trimethylsilyl)trifluoroacetamide). The part of the product gas with aromaticcontaining tar is less bonded to the polar phase in comparison to that of
phenolic-containing tar. The strongly polar nature of the amino adsorbent
results in a very good gas-phase trapping efficiency and separation. This
property makes the retention of polar compounds favorable. Thus tar from
the adsorbent trap can be selectively desorbed into aromatic and phenolic
fractions using an eluotropic solvent. The application ranges of the SPA
method are: light tar compounds (molecular weight from about 78 to 300)
referred to as light tars produced by biomass gasification at a temperature
of about 700-1000 °C and compounds with a concentration of 0.05-10
mg/l . The method is calibrated for 18 aromatic tars and 10 phenolic tars.
The SPA method is the fastest off-line method available but the method
has the drawback of being unable to analyze the heavy tar (molecular
weight above 300).
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1 = to syringe or electrical pump; 2 = adapter (polypropylene);
3 = sample reservoir; 4 = sorbent tube (polypropylene, 1.3 OD x 7.5 cm);
5 = fritted disc (20 mm polyethylene); 6 = amino-phase sorbent;
7 = rubber/silicone septum; 8 = septum nut (polypropene);
9 = "Tee"-adapter (glass); 10 = hypodermic needle (stainless steel);
11 = product gas inlet; 12. = heating tape
Figure 13. An example of an SPA sampling system

4.4 On-line methods
Today SPA is the fastest available off-line method. However, in
similarity to other off-line methods it is still too slow for performing
practical process monitoring in a real industrial process. The on-line
methods offer the possibility to monitor and control the process in real
time which naturally is advantageous for processes with fast transients. The
development of an on-line measurement system is therefore highly
desirable. There are only a few on-line tar analysis methods that have been
reported in the literature. In this section the most promising methods will
be described.
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4.4.1 Flame Ionization Detection (FID)

A tar analysis method based on the use of a Flame Ionization
Detector (FID) was developed by the University of Stuttgart. The principle
of this method is based on the comparison of the FID response of the hot
producer gas and the FID response of the producer gas from which the tar
has been removed by condensation on a filter 23. The difference in the FID
responses will represent the tar. The basic principle of the tar measurement
system is shown in Fig. 14. This tar analysis method is stable and simple
compared to other methods described in the literature 22. However, this
method has some drawbacks:
• change of the gas volume due to the removal of the water by the
filter which leads to a decrease of the gas volume.
• the accuracy of measurements before and after the filter for a gas
with low tar concentration is not good.
• to achieve good and reliable results a regular calibration of the
method is necessary. The setting of the measurement system should
remain the same as for calibration since the RF (reference factor)
value is very sensitive to all parameters such as carrier gas volume
and pressure 24.

Figure 14. Basic principle of tar measurement system
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4.4.2 Photo spectroscopy
4.4.2.1 Laser spectroscopy

An on-line method, based on Raman laser spectroscopy was
developed by S. Karellas and J. Karl 25. As shown in Fig. 15 the product gas
flows into a measurement cell through heated pipes (300°C). The
spectrograph and a camera are placed vertically to the laser beam. In front
of spectrograph a filter is used to cut off the other signals which are more
intense than the Raman signal.
The quantum theory behind the Raman effect can be explained as
follows: When light collides with a molecule it can be scattered either
elastically or inelastically. In the first case the energy and frequency of the
light will be unaffected and in the second case results in changing in both
energy and frequency of the light. These changes will be manifested in
releasing energy to the scattering system or taking energy from it. The
Raman scattering is termed rotational or vibrational depending on the
nature of the energy exchanges 26-27. The reaction of the tar compounds to
collision with the light is manifested in a strong fluorescence signal in a
wide wavelength range which is detected as a background signal. The
method also allows for measurement of all of the main gas components
(H2, CO, CO2, CH4 etc.) including H2O besides the tar. The amount of tar
can be estimated from the background area, which can be calibrated using
e.g. the Tar Protocol to give information on the total tar concentration.
However, all conjugated systems give rise to fluorescence, and therefore
benzene and other conjugated alkenes will also be detected as tar even
though they are not defined as such. Furthermore, different compounds
have different signal responses and will result in different fluorescence
intensities. This means that the measurement of total tar concentration will
lose precision if the composition of the tar components changes.
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Figure 15. Measurement set up for product gas analysis by laser spectroscopy

4.4.2.2 Light Emitting Diode (LED) spectroscopy

The laser and other necessary equipment used for the laser spectroscopy
method described in the previous section are most likely too expensive for
most applications 28. Therefore another method was developed where the
laser was replaced by a Light Emitting Diode (LED) 26. The optical power
of the LED is lower than that of the laser. Fig. 16 illustrates the
experimental set-up.
With the low light intensity of the LED it is not possible to obtain
any Raman signals for individual gas species. Hence the objective with the
method is only to detect fluorescence from the tar components, but as
previously mentioned other conjugated systems can be detected. The
inventor of the method suggests that a LED with a peak wavelength of
250-300 nm would be optimum for detecting a broad range of tar
components 26. However, LEDs in this wavelength range have very low
optical power limiting the possibility to use them for this application.
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Instead a LED with a peak wavelength of 365 nm was used in this method.
This LED is available with an adequate optical power for fluorescence of
tar components. However, at this wavelength only tars with higher
molecular weights, such as anthracene and pyrene, are detected. Since these
constituents are only a small part of the total tar concentration the
usefulness of this method is questionable.
During the last years several studies with the aim to develop an online measurement system for tars have been carried out. Some of them
such as the laser spectroscopy method have the advantage of covering a
wide concentration range and providing high precision. Nevertheless, the
installation of such a system for industrial purposes is not suitable due to
high estimated cost to-benefit ratio.

Figure 16. LED measurement test set-up
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Chapter 5
This chapter is dedicated to the photo ionization detector (PID). The
chapter aims to give an introduction to the theory of photochemistry of
organic molecules excited by a detector which is the basic principle of the
work with the PID detector. The parts of the detector construction are
described in order to understand the process taking place in the ionization
chamber. Furthermore, the chapter also highlights the most important
results from the tar analysis experiments involving the PID detector
(Papers I, II).

Photo Ionization Detection (PID)
The on-line tar measuring method is based on a PID, which is a
commercially available gas chromatography detector 27. The ultraviolet
(UV) lamp is the essential part of the detector since this determines the
compounds that can be detected. Depending on the type of gas inside the
lamp, the emitted light has different wavelengths. For instance the lamp
filled with krypton and argon emits wavelengths corresponding to 10.6 and
11.7 eV, respectively. The lamp used in this work was filled with xenon,
which emits a wavelength corresponding to 8.4 eV. According to the
operating principle of the PID, which will be discussed in more detail later
in this chapter, electrons will be temporary removed from the molecules of
the compounds of interest, providing that the ionization potential of the
compounds is similar or lower than the energy of the photons generated by
the UV light. This results in positively charged molecules that generate a
current and the current is directly proportional to the concentration of the
compound 29. The selectivity is chosen by selecting the energy of the UV
light emitted from the lamp. The choice of a xenon lamp as energy source
for the PID detector is due to its ability to emit a wavelength of 8.4 eV
which is suitable for detection of tar compounds such as naphthalene,
acenaphthene, flourene and anthracene. Fig. 17 illustrates the compounds
detectable with a xenon lamp used in a PID detector.
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Figure 17. Compounds detectable by xenon lamp (8.4 eV)

The sensor consists of a sealed ultraviolet light source. Emitted
photons have a high energy level, which is enough to ionize many trace
organics, but not enough for ionizing air (e.g. nitrogen, oxygen, carbon
dioxide). Molecules of compounds arrive into the ionization chamber of
the detector after passing through the sampling line. The ionization
chamber contains a pair of electrodes, the bias electrode and the collector
electrode. When a positive potential is applied to the bias electrode, an
electromagnetic field is created in the chamber. Vaporized ions formed by
the adsorption of photons are driven to the collector electrode. The ion
current is then measured and displayed on a meter 29. Many different
molecules will be simultaneously detected and the PID signal will therefore
represent the total signal from all simultaneously excited compounds.
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5.1 Organic photochemistry
The chemical change made by light is a general definition of
photochemistry. The light is usually referred to as electromagnetic radiation
in the visible and ultraviolet range and the chemical changes include all
incidents happening at the molecular level after absorption of a photon.
Photon absorption by an organic molecule leads to an electronically excited
step which is required for subsequent reaction steps. In the ground state (a)
the pair of electrons occupies the lowest-energy orbital, and the overall
energy of the molecule is at its lowest. Nevertheless in the electronically
excited state (b) a higher-energy orbital is occupied by one electron whereas
the lowest–energy orbital is available and the overall energy of the
molecules is higher than that of ground state. The excited state has a finite
lifetime and its physical and chemical properties differ from those of the
ground state (Fig. 18).
a

Energy

b

Energy

Figure 18. Molecular orbital diagrams for an organic compound in the
ground state (a) and in the electronically excited state (b)
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There are several ways of producing an electronically excited state
such as using ionizing radiation or by a chemical reaction. However,
absorption of a photon of visible or ultraviolet light is the most common
method. The reaction of the electronically excited state is involved in
photochemistry and the corresponding ground state affects the nature of
the photochemical reaction. There are differences between these two states,
for instance an electronically excited state is more energetic than the
ground state and that means a wider range of reactions on thermodynamic
grounds. Fig. 19 shows the ground state, an excited state of a molecule and
a potential product of the reaction.

Excited state

G

Ground state

Ground state
Substrate

Product

Figure 19. A standard free-energy diagram

An increase of the free energy is needed to lead the reaction from the
ground state to the product and this reaction does not happen
spontaneously. Nevertheless, the photochemical reaction from the excited
state to product is followed by a decrease of free energy and it occurs
almost spontaneously. Hence many energy-rich compounds with high ring34

strain can be formed photochemically. Very different electron distribution
is another difference between the two states. This can affect the chemical
changes as the organic reaction mechanisms are dependent on electron
distribution. A further difference between these two states concerns the
ability of accepting and donating electrons. An excited state is both a better
donor and acceptor of electrons in comparison to the ground state. This
can be explained by the orbital energy level. The minimum energy needed
for removal of an electron (IP) is almost equal to the energy differences
between the highest occupied molecular orbital and the ionization limit
which is responsible for removal of the electron and formation of a radical
cation. This energy is lower for the excited state and, as shown in Fig. 20
one electron is closer to the ionization limit than for the ground state.

E

Energy E

Ground state

E´

Requires

Require

Energy E´
Radical cation
plus electron

Excited state

Figure 20. Electron donation ability of ground and excited states

The ability to accepting electrons from the outside of the nuclei of
the molecule is followed by occupation of the lowest-energy orbital
available and release of energy is called the electron affinity. This energy is
higher for the excited state than for the ground state due to a half filled
lower-energy orbital in the excited state (Fig. 21).
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Figure 21. Electron accepting ability of ground and excited state

Many photochemical processes start with an electron transfer from
or to an excited state because of the dissimilarity of electron donation and
acceptance between these two states.

5.1.1 Light absorption by organic molecules

The relative energy of the orbitals available in organic compounds is
illustrated in Fig. 22.
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σ* (anti-bonding)
π* (anti-bonding)
n (non-bonding)
n (non-bonding)
π (bonding)
σ (bonding)
Energy
Figure 22. Orbital energy diagram

Orbitals that are completely symmetrical about the internuclear axis
are called σ or σ* and those with antisymetric internuclear axis are called π
or π*. The n-orbitals are non-bonding and an electron pair which occupy
an n-orbital are called a ´lone pair´ of electrons.
Electrons from a full orbital can be excited and jump into an empty
anti-bonding orbital and light provides the energy needed for this jump. If
the wavelength of the light which is absorbed by the electron has the right
amount of energy it will promote the electron and make the jumping
possible (Fig. 23).

σ*
π*
n
π
σ
Energy

Figure 23. Allowed jumps of an electron
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5.1.2 Dynamic properties of excited states

Absorption of a photon occurs in very short period of time
(~ 10 -15 s) and as a result the electronic structure changes while the
nuclei in the molecule remain unaffected. The relationship between the
frequency of absorbed light and its energy is shown in equation 9. The
energy of the photon (E) is relative to the frequency (υ) of the
electromagnetic radiation. The relativity constant is Planck’s constant (h).
E = hυ

(9)

An electronically excited state can undergo two processes in absence
of another chemical species to interact with. These comparable processes
are photophysical and photochemical. The photophysical process is subdivided into a radiative (luminescent) and a non-radiative process. The
radiative process involves photon emission of ultraviolet or visible
radiation whereas no such emission occurs in the non-radiative case. The
energy of the light used for exciting the original molecule is greater than the
energy of emitted light due to conversion of energy into vibrational or
rotational action.
Luminescence occurs when an electron returns from an excited state
to the electronic ground state and releases its energy as a photon. When an
excited singlet state (Fig. 24) releases its energy as a photon, it generally
transforms into the ground singlet state. This process is called
fluorescence 30. In the singlet state all the electrons in the molecule
are spin-paired and the state has overall zero spin and in the triplet state
two spins are parallel and unpaired and the state has a non-zero overall
spin.
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Ground singlet state

Excited singlet state

Excited triplet state

Figure 24. The electronic states of organic molecules

Quantum yield and the life time are two practical parameters of
fluorescence. The quantum yield (ϕf) indicates the efficiency of
fluorescence and it is the ratio of the number of emitted photons to the
number of photons absorbed, equation (10). The life time signifies the time
spent by the molecule in excited state before starting the photon emission.
Number of photons emitted
(ϕf) =

(10)
Number of photons absorbed

5.2 Principles of photoionization detection
The PID response covers a large area of the organic components and
some of the inorganic molecules. A UV lamp which produces
monochromatic radiation, ionizes the molecules with an ionization
potential (IP) less than the energy of the radiation. IP is the electrondonating ability of the molecule or the minimum energy needed to remove
an electron completely from the molecule 31. However molecules with IP
lower or equal to the photon energy can be ionized due to a proportion of
the molecules being in excited states 32. The energy variation between the
ground state of the ion and the excited state of the molecules can be
approximately 0.4 eV less than the IP 33.
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Ionization occurs in a ionization chamber in order to absorb the
energy of photons emitted by the UV lamp:
AB + hυ → AB*
AB* → AB+ + e-

(11)
(12)

reaction with the excited molecules of the carrier gas:
N2 + hυ → N2*
N2* + AB → N2 + AB*

(13)
(14)

The relationship between the number of ion pairs and the time unit
can be calculated by the Ostojic and Sternberg equation 29:

Where
σt

= σi + σe ;

σi
σe

= absorption coefficient for photoionization ;
= absorption coefficient for processes other than
photoionization;
φ
= number of photons entering the ionization chamber of the
detector per unit time;
݈
= optical path (length of the ionization chamber);
N (t) = number of sample molecules per unit volume.
This equation shows the relationship between the sample
concentration in the carrier gas and the number of arising ion pairs. This
relationship is linear if σt N (t) ݈ ≪ 1.
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The equation below shows the dependence of the current between
the collecting electrodes and reference electrodes of the photoionization
detector 30.

Where:
= intensity of light radiation (mol/s)
[AB]

= concentration of the ionized substance (mol/l)

[C]

= concentration of the carrier gas (mol/l)

pv

= area of the ionization chamber (cm2)

L

= Loschmidt constant (2.69 * 1025 atoms/m3)

݈

= thickness of the absorbing layer

Vc

= volume of 1 mole of the carrier gas under normal

conditions (l/mol)

Where
ν2, ν 5 = velocity of reactions (see below)

41

Sevcik and Krysl also found that the current (݅) is a linear function of
[AB] on the collecting electrode at a high enough voltage, a low
concentration of AB in the carrier gas and at constant values of k2, k6 and C.
Reaction 15 causes quenching of the exited AB molecules or
recombination of the ionized molecules:

AB*→ A´ + B´
AB* + C → AB´
AB+ + C + e- → AB´
O2 + e- → O2(18)
O2- + AB+ → AB´ + O2´

(15)
(16)
(17)
(19)

The molecules are quenched and recombined according to reactions
14-18. This quenching and recombination of molecules leads to reduction
of the response of the detector for AB. At the same time the presence of
the oxygen molecules reduces the detector response for flowrate of
vaporised solvent and some gases which have an ionization potential higher
than the used radiation energy. The background current of the detector
which is the response of the detector to bleeding of the chromatographic
column and presence of impurities in the carrier gas is reduced. This
reduction causes a negative peak at the beginning of the chromatogram
while a solvent with a high ionization potential passes through.
Only a small fraction of the molecules are exited and the process is
generally reversible, the analysis method is therefore considered to be nondestructive.
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5.3 Characteristics of the detector
5.3.1 Selectivity

As mentioned before the PID response depends on the ionization
potential of the molecule. The PID’s ionization potential can be selected by
choosing a UV source with a certain wavelength which leads to a selective
response of the detector. For instance a xenon-filled lamp as UV source
gives the highest radiation intensity. The advantages of high intensity can
be employed in trace analysis since this will result in an increase of the
detector response. The energy of the radiation entering the ionization
chamber can be defined by the choice of the material of the source window
which separates the discharge region from the ionization area (Table 7).

Figure 25. The wavelength emitted by xenon, krypton and argon [33]
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Table 7. Material used in the UV- lamp window
Material

Permeability limit (nm)

Permeability limit (eV)

LiF

1040

11.9

MgF2

1120

11.1

CaF2

1220

10.3

NaF

1320

9.4

BaF2

1340

9.2

Sapphire

1425

8.7

Lamps with various ionization potentials/ UV-light energies such as:
8.4, 9.5, 10.0, 10.2, 10.9 and 11.7 eV have been manufactured by using
different materials. Detection of the PID can be selective by the choice of a
suitable lamp is followed by a selection of a non-responding solvent to the
given energy of the UV source (Table 8).
Table 8. Ionization potential of some solvents

Solvent
Toluene
Cyclohexane
Benzene
Trichloroethylene
Acetone
n-Hexane
Ethanol
Methanol
Methyl chloride
Water

Ionization potential (eV)
8.80
9.01
9.24
9.45
9.69
10.17
10.48
10.85
11.28
12.59

However ‘‘non-responding’’ is not the correct term, the negative
peak mentioned before is a result of the elution of the solvent which results
in a decrease of the background current of the detector. This negative
response is much lower than the PID response for ionized compounds and
it returns to the zero line quickly 29.
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5.3.2 Sensitivity

The sensitivity of the PID detector is approximately 10-50 times
higher than that of the flame-ionization detector (FID) 34.
The PID sensitivity depends on several factors:
a) Ionization potential of the substance. The substances with an IP
lower than the radiation energy of the light source give larger
molar response in comparison to substances with IP approaching
the energy of the radiation used.
b) Carrier gas flow-rate. The response of the PID as a nondestructive detector depends on the concentration of the
substance in the carrier gas, an increase of the flow-rate results in
a decrease of the PID response. This is in contrary to the FID
where the response of the detector is proportional to the mass
flow to the detector and an increase of the flow-rate results in an
increase of the detector response.
c) Properties of the chromatographic column and purity of the
carrier gas. The PID detector is very sensitive to the quality of
the chromatographic column, leakage of stationary phase and
particulates in the carrier gas. The detection limit depends on the
background current of the detector. The detector signal is a
summary of detector response to the substance of interest and
other presence substances present (impurities, stationary phase)
and decreasing partial pressure during elution of the substance of
interest. Detection limit decreases by decreasing the stationary
phase leakage when a suitable column and purified carrier gas is
used 29.
d) The following chemical structure parameters affect the sensitivity
of the PID lamp:
a) carbon number, (b) functional groups (c) type of bonding 35.
Table 9 shows a conclusion of these parameters.
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Table 9. Effect of the chemical structure parameters

Parameters affecting the sensitivity of the PID detector
Sensitivity increases as carbon number increases
Sensitivity for alkanes < alkenes < aromatics
Sensitivity of alkanes < alcohol <esters < aldehydes < ketones
Sensitivity of cyclic compounds > noncyclic compounds
Sensitivity of branched compounds > nonbranched compounds

5.3.3 Operating temperature

The maximum operation temperature depends on the material
used in the window of the lamp. This temperature varies between 250 300 °C. A temperature of 300 °C can be reached when ceramic material
is used and the column temperature can be up to 280 °C. This operating
range is appropriate for most gas chromatography applications.
5.3.4 Main fields of application

The application of the PID detector for analysis purposes has been
considered during the development of the detector. The first application
came along with the development of the first commercial detector by HNU
Systems (USA) at the end of the 1970s. This detector was used for
detection of vinyl chloride monomer in the atmosphere 36. The main fields
of application for PID are: analysis of drugs in biological samples,
identification of substances in mixtures and in capillary gas
chromatography 29. Identification of substances in mixtures is one of the
most attractive applications of the PID. It is known as the ‘‘poor man’s
spectrometer’’. Qualitative identification of individual substances can be
performed using several detectors connected in series. The combination of
a non-selective detector with a selective detector is optimal for analysis of
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different compounds, for instance, application of the PID as a selective
detector with flame-ionization or an electron-capture
detector 37-38-39-40-41-42-43-44. By connecting several PID detectors in
series the UV source of the lamp can be varied (e.g., 9.5, 10.2 and 11.7 eV)
in each detector. Analysis of the sample can be replicated and the exchange
of the source can be done between the measurements. The response ratios
observed by each source can be used to identify the alkanes, alkenes,
aromatic and polyaromatic compounds in crude oil 45 and for qualitative
analysis.

5.4 Results from Papers I and II
The initial exploratory tar analysis tests were made with naphthalene
as tar model compound and some other tar compounds present in
producer gas. The objective of these tests was to verify the benefits and
drawbacks of the technique in order to assess its potential for tar analysis.
On-line analysis of tar in producer gas (including syngas) is useful for
monitoring, safeguarding and process control purposes and will enable
immediate control of the gasification process, monitoring and evaluating
the efficiency of the gas cleaning process, and safeguarding specific process
devices like compressor, pump/fan. It is also advantageous for utilization
devices such as prime movers, fuel cell or syngas production46. Factors
especially important for tar analysis methods are:
● Response time, i.e. the time it takes to detect changes of the tar
concentration and obtain a stabile reading of the concentration
● Quantitative information of the data
● Qualitative information of the data
● Robustness of the method, i.e. how long the unit can continue
monitoring the tar concentration without being damaged or needing

47

maintenance such as recalibration, cleaning etc. In this chapter, result
from Papers I and II are presented.
5.4.1 Studies of tar model compounds

Response factors of model compounds including naphthalene,
acenaphthene, anthracene, phenanthrene, fluoranthene, pyrene, indene and
indane were determined in the concentration ranges expected for their
existence in product gases. Determination of the response factors for tar
components was performed with GC and PID detector and is described in
Paper I. Three different concentrations of each model compounds were
injected in to the GC column. The results of the experiment are shown in
Fig. 26. As illustrated, naphthalene and indane show the highest and lowest
responses, respectively. The relative response factors (RRFs) for the model
tar compounds were obtained by assigning the response factor of
naphthalene the value of one and then calculating the RRFs for the other
compounds in relation to naphthalene. RRFs are calculated and used due to
the inability of the PID to distinguish between the detectable compounds
in a mixture of gases and the integrated response to the mixture. Since
naphthalene has the highest response it is practical to relate the response
factor of other compounds to naphthalene for the result to be accurate.
The obtained values are shown in Table 10. As seen from the coefficients
of determination (R2) all curves are close to linear. Linearity of the curves in
a specific concentration range makes it feasible to predict the behavior of
the tar compound in another concentration range.
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Figure 26. PID response as a function of concentration of the aromatic
compounds, Paper I
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Table 10. Relative response factors (RRFs) and coefficients of determination (R2) of
aromatic compounds for the PID

RRF

1.00

0.82

0.59

0.82

0.48

0.48

0.36

0.04

R2

0.994

0.971

0.999

0.995

0.998

0.991

0.945

0.994
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Another experiment done with tar model compounds was focused
on correlation of the PID signal with the analysis results from the SPA
samples. Fig. 27 illustrates the results of this experiment. As can be
observed, the PID response for different compounds may vary
substantially, especially if the molecules have different functional groups.
This can be illustrated by comparing the response curves of naphthalene
and indene, which are similar in molecular weight but have different
functional groups. Different response curves of the compounds will make
quantification less accurate during analysis of real producer gas if the
distribution of the tar compounds changes. This is due to differences in
response factors for different tar compounds. Table 11 gives an example.
As shown previously, naphthalene has the highest response factor
compared to other tar compounds. If the total tar concentration in first
case, is for instance, 30 mg/Nm3 and the PID signal shows a value of 2 mV
changing the distribution in the second case with the same total tar
concentration shows a PID signal of 26.5 mV.
Table 11. Example of tar concentration distribution

Response Factor

Concentration
distribution in case 1

Concentration
distribution in case 2

Naphthalene

1

10

20

Phenanthrene

0. 82

10

5

Pyrene

0. 48

10

5

23

26. 5

PID signal
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PID Signal [V]

Tar concentration [mg/Nm3]
Figure 27. Correlation between the PID signal and the SPA method. Naphthalene (),
Acenaphthene (), Acenaphthylene (), Flourene (), Indane (), Indene ()

Development of an on-line tar measurement system requires
calculation of response factors for individual tar compounds. Since the PID
signal give a quantitative overview during the gasification process and
naphthalene has the highest response compared to the other tar
compounds it is convenient to use the RRFs. Correlation of the on-line
method to a standard and widely used method makes SPA analysis results
essential for this correlation. During the gasification process, due to
variation of tar compound distribution, quantification becomes less
accurate.
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5.4.2 Robustness of the method

As a best-case scenario the robustness of the analysis method was
tested with naphthalene as tar model compound. The result indicates a
decrease of the PID response with about 40 % in 48 hours. This is not
likely due to condensation of naphthalene, since a too high temperature
was used. A possible explanation may be excitation of naphthalene
molecules, recombining into heavier molecules with a higher boiling
temperature. These heavier molecules can deposit on the excitation
chamber window. Photochemical transformation of phthalic anhydride
which is one of the reaction intermediates of naphthalene is an example.
Phthalic anhydride may undergo a polymerization process. Polymerized
polyphenyl is the end product of this transformation which can deposit on
the excitation chamber window and cause fouling of the photo ionization
lamp.
As a result of the decreasing response, the excitation chamber was
cleaned every 48 hours. In this work acceptable robustness was achieved
when analyzing naphthalene in nitrogen. As mentioned before, this should
not be considered a realistic test of the robustness for analysis of real
producer gas. In case of application in a real producer gas, cleaning of the
excitation chamber window needs to be much more frequent (Paper II). It
is not known how frequent, but run times of up to one hour have been
performed at KTH with no significant loss of PID response. This will of
course vary with the type of gasifier and process conditions. Nevertheless,
uninterrupted operation of the PID for 2-4 hours appears to be reasonable.
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Chapter 6
Solid Phase Micro Extraction (SPME)

As mentioned in previous chapters the amount of tar in the gas
varies depending on the type of biomass, gasifier and gas cleaning. If
present in high enough concentration tar may cause serious technical
problems, such as clogging of pipes and fouling of sensitive equipment
(Paper III). In the case of syngas application, trace amounts of tar also
challenge the downstream gas upgrading to e.g. motor fuels and chemicals.
For instance, whisker carbon is reported to be the principal product when
carbon is formed during steam reforming 47 on transition metals like iron,
cobalt, and nickel, Carbon whiskers have been reported to have high
mechanical strength, so that the catalyst particle is destroyed when trace
amount of whiskers hit the pore walls of the catalyst support 48.
Nevertheless, no viable method for analyzing trace amounts of tar has so
far been reported. This chapter is dedicated to describing the principles of
the SPME method and highlighting the results from the experiments with
SPME.
6.1 Principle of the SPME method

The main driving force for the development of SPME is the need for
rapid and solvent-free sample preparation methods 49. The focus of most
studies applying SPME is analysis of organic compounds present in air,
water and soil 50. The method is based on extraction of analytes from a
sample matrix by adsorption onto a stationary phase, followed by
desorption of the analytes in an analytical instrument 50-51 . The stationary
phases generally used are identical to those used in gas chromatography
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columns. The stationary phase is coated onto a fused-silica fibre, which is
chemically and thermally stable. The small and cylindrical shape of the fibre
enables integration of the fibre into a device, which operates as a regular
syringe that fits into the injector of a gas chromatograph, as shown in
Fig. 25 52. The choice of material for the stationary phase is of outmost
importance as this will control the degree of affinity for the analytes of
interest. In order to have a high affinity for a specific compound, the
polarity needs to match the stationary phase. For polar compounds a polar
stationary phase, such as polyacrylate, should be used and for non-polar
compounds a non-polar stationary phase, such as polydimethylsiloxane
(PDMS), is most suitable. PDMS is a liquid coating with very high viscosity
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despite its solid appearance. Fig. 28 illustrates the chemical structure of
PDMS.

Figure 28. Chemical structure of PDMS

Since the groups cannot be in the same plane as the chain due to
sterical hindrance a helical structure of PDMS can be expected. The angle
of the siloxane unit is dependent on the angle of the previous unit. Thus
the inner part of the helical structure consists of siloxane units and the
outer part is occupied by methyl groups which give the molecules a large
volume 53.
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PDMS extracts analyte through adsorption 53. Fig. 29 illustrates the
differences between the extraction processes of absorption and adsorption.

Figure 29. Comparison of absorption and adsorption mechanisms [55]
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The analyte molecules will be attached to the surface of the coating
either by migration into the bulk of the coating or remain on the coating
surface. This will depend on the diffusion coefficient of the analyte in the
coating. Smaller organic molecules in PDMS have a diffusion coefficient
close to the one in organic solvents, thus diffusion into PDMS is fast and
extraction of this coating occurs through absorption 53. Nevertheless, the
diffusion coefficient of tar compounds in the PDMS during the SPME
analysis is so small that all of the molecules will remain on the coating
surface, i.e. SPME is considered as an adsorption method.
Extraction of analyte by the porous polymer SPME depends on the
weak intermolecular interaction. The number of surface sites available for
adsorption is limited. When all of these sites are occupied by analyte, no
more molecules can be attached. This results in a non-linearity of the
analyte concentration dependency and amount of extracted analyte by the
SMPE coating over a broad range of concentration. This means that
adsorption in contrast to absorption is a competitive process and a
molecule with higher affinity for the surface can replace a molecule with
lower affinity.
Some relatively strong hydrophobic interaction of PDMS with
compounds bearing methyl or alkyl has been observed. This is due to Van
der Waals forces between the methyl group of the PDMS and the methyl
group of the analyte. The number of methyl groups and the length of the
alkyl chain of the analyte influence these interactions 54. An increase in the
number of methyl groups and the length of the alkyl groups result in a
decrease of the diffusion rate. A good example is the case of aromatic
compound when going from benzene to toluene or from C2-benzenes to
C3 benzenes. In the case of single ring aromatic compounds with a
substitute, which have the same total number of carbons as C2-benzenes
(ethyl-benzene) or C3-benzenes (propyle-benzene), they have very similar
values for the diffusion coefficient. This shows that the number of carbons
on the substituent more than the structure or position of it can affect the
interaction between analyte and PDMS as well as diffusion.
Another parameters that can be affected by substituent groups is:
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● Solubility for instance benzene with no substituent group has a
partition coefficient less than twice that of toluene with one methyl group
as substituent. Increase of the partition coefficient is even more marked for
C2- benzenes and C3-benzenes. Solubility even depends on the
temperature 55. The higher temperature the higher the kinetic energy
resulting in weaker interaction of analyte-polymer and the faster diffusion
of analyte through the coating fibre.
Adsorption affinity of the tar compounds increases by
hydrophobicity of these compounds (naphthalene ˂ phenanthrene ˂
pyrene).
● Available adsorption space for the adsorbent is another factor
influencing the adsorption. This available space varies for different
adsorbates due to their molecular size. Big adsorbates cannot enter the
micropores with small size and therefore, the larger the size of the
adsorbate molecules, the lower the adsorbent adsorption space available 55.
● The temperature is another importance factor for two reasons.
Firstly, the temperature needs to be high enough to avoid condensation of
adsorbate, which otherwise will result in underestimations of the of
individual adsorbate concentration. Secondly, the temperature needs to be
low enough to enable a high sensitivity of the analysis method since the
adsorption on the stationary phase is temperature-dependent. Hence an
optimum temperature should exist to obtain the correct concentration with
maximum sensitivity. The maximum concentration of a single compound
that a gas can contain before condensation occurs is given by the vapour
pressure of the compound. The vapor pressure of a compound is given by
the Antoine equation (equation 20), stating that the logarithm of the
vapour pressure of a compound has a relation with the reciprocal
temperature as follow:
(20)
Where:

57

P = vapor pressure
T = temperature
A, B, C = component-specific constants
The sensitivity of the analysis method will be governed by the
concentration of the analyte in the stationary phase of the fibre at a certain
concentration in the gas phase. For the SPME application this is called the
partition coefficient (Pc), defined as equation 21:

(21)
Where:
= concentration of analyte in fibre
= concentration of analyte in sample
The sample is in this case the gas phase in the direct proximity of the
fibre and the Csample will therefore be influenced by condensation and
also by the competition between the affinity of the SPME fibre and the
surface of the sample vessel. If the amount of stationary phase is constant,
Cfibre is directly related to the amount of analyte adsorbed on the
stationary phase. This was previously shown by Martos and Pawliszyn 55,
reporting that a linear relation exists between the logarithm of the partition
coefficient ( ) and the reciprocal temperature (T).
(22)
Where:
,
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∆HV = heat of vaporization of the pure solute
p* = analyte vapor pressure at a known temperature T* for a pure
solute
T = temperature of interest
γi = activity coefficient
R = gas constant
Since SPME is essentially based on an adsorption process, adsorption
models can be applied to the data from the analysis in order to extract
more fundamental knowledge about the analysis method. The Langmuir
adsorption model, as shown in equation 23, is the simplest and the most
frequently used. This model is based on three assumptions: (a) adsorption
cannot proceed past monolayer coverage, (b) all adsorption sites are
identical and every site can only accommodate one adsorbed species, and
(c) the ability of an adsorption site to bind is not influenced by neighboring
sites. The Langmuir adsorption model can be represented by the following
equation:
(23)
Where:
C
= concentration
Γ
= amount adsorbed
Γmax
= maximum amount adsorbed as c increases
K
= Langmuir equilibrium constant
Another frequently used adsorption model is the Freundlich model,
shown in equation 24. As opposed to the Langmuir model, the Freundlich
model works for highly heterogeneous surfaces and also for adsorption of
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multilayers. The Freundlich model can be represented by the following
equation:
(24)
Where:

x
= mass of adsorbate
m
= mass of adsorbent
p
= equilibrium pressure of adsorbate
K, n = constants specific for some adsorbate and adsorbent at a
specific temperature
6.2 SPME analysis
SPME simplifies the sample preparation step by being a microextractive technique. This means that the amount of analyte, extracted
from the sample, is very small compared to the total amount in the sample.
In most cases, the extraction is so small that disturbances in the sampled
system can be neglected 50. The absence of solvents is another advantage of
SMPE, since it can then be considered environmentally friendly.
Furthermore, the elimination of solvents from both the extraction and
injection steps results in an improvement of the efficiency of the
chromatographic separation 52. Therefore, a column with a thinner layer of
stationary phase and smaller internal diameter can be used (Fig. 30).
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Figure 30. An example of a SMPE device

6.3 Summary of Papers III, IV
The potential of applying SPME as a tar sampling method for tars
has been verified with real producer gas from a gasifier and by using tar
model compounds such as benzene, toluene, indane, indene, naphthalene,
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene,
fluoranthene and pyrene due to their presence in the producer gas from
gasifiers. This section is dedicated to highlight important results from
Papers III and IV.
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6.3.1 Experimental
6.3.1.1 Exploratory tests of SPME (Paper III)

Tar model compounds normally present in a producer gas from
gasifiers have been used to verify the potential of SPME as a tar sampling
method. Fig. 31 illustrates the experimental set-up.

Figure 31. The test set-up for sampling tar model compounds in lab-scale with SPME

6.3.2 The influence of affinity

The affinity between the stationary phase of the SPME fibre and tar
compounds is the parameter controlling the adsorbed amount. The affinity
is determined by the polarity of the stationary phase and the tar
compounds. Due to employment of a non-polar stationary phase in the
present study, affinity was increased with decreasing polarity of tar model
compounds (Paper III). The polarity was mainly determined by the
molecular weight of the tar compounds, nevertheless, the structure and
chemical composition of tar molecules influenced the polarity as well.
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6.3.2.1 The influence of the sampling temperature

A difference of several orders of magnitude was observed between
the adsorbed amount of the lightest model compound (benzene) and the
heaviest (pyrene) in the investigated temperature range (20-160 °C). The
temperature was shown to have a strong impact on the adsorption on the
SPME fibre. The temperature may be used to tune the sensitivity of the
SPME tar analysis method. An optimal temperature exists for each
compound, where maximum sensitivity is achieved and condensation is
avoided. Figs. 32-33 display different adsorption temperatures for different
tar compounds. As shown in Fig. 32, the maximum adsorption for lighter
and more polar tar compounds is achieved at 21 °C. As the molecular
weights increase and the polarities decrease, the temperature of the
maximum adsorption is shifted to higher temperatures, as shown in Fig. 32.
This indicates that condensation occurs for the heavier compounds, which
limits the concentration in the gas phase and thereby also the adsorbed
amount (Paper III).

Figure 32. Response of SPME for benzene (▼), toluene (), indane () and
indene () versus temperature (Paper III)
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Figure 33. Response of SPME for phenanthrene (), anthracene (),
fluoranthene () and pyrene () versus temperature

6.3.2.2 Sample matrix effect

In order for the sample matrix, such as CH4, H2, CO, CO2, H2O to
interfere with the SPME analysis, using PDMS as the stationary phase, the
major matrix compounds need to be compete with the tar compounds for
the adsorption sites. Therefore, the matrix compounds should be non-polar
and have a boiling point close to or above the sampling temperature. Most
of the matrix compounds are non-polar, but few have a boiling point close
to the lowest sampling temperature considered in this work. It is only C5+
hydrocarbons that can be considered to be close to fulfilling these
requirements. The amount of non-aromatic C5+ in producer gas is
generally considered to be minute. Thus compounds of the major matrix
are unlikely to affect the adsorption of tar compounds (Paper III).
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6.3.3 Sampling with SPME during real gasification (Paper IV)

The potential of applying SPME as a tar sampling method has been
verified with real producer gas from a gasifier. Three test runs were carried
out at two SPME-sampling temperatures tested simultaneously. The
measurements were compared with measurements using SPA tar sampling.
Fig. 34 illustrates the experimental set-up.

Figure 34. Experimental set-up (Paper IV)
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6.3.3.1 The influence of the sampling temperature

During one experiment with real gasification the tar sampling by
SPME was made at two different temperatures, 66 °C and 125 °C. Two
samplings with SPME for each temperature were made. The tar sampling
by SPA was repeated four times within the time frame of the SPME tar
sampling. As seen in Fig. 35, the results from the two SPME analyses were
in general similar up to fluorene. However, deviating results were observed
for toluene, acenaphthylene and to some extent naphthalene. The SPME
results from the low sampling temperature displayed lower values from
fluorene to pyrene, compared to the high sampling temperature. The same
pattern was observed in another experiment (Paper IV) and is most likely
due to tar condensation of the heavier tar compounds. However, the
difference between the two SPME results in this experiment is rather small
compared with the SPA results. The SPA results were in general
significantly higher compared to the SPME results, apart from the heaviest
compounds anthracene to pyrene. Furthermore, the spread of the SPA
results is very large. The standard deviations for the SPME analyses were in
general very low.
Two sampling temperatures were used for SPME, 66 °C and 125 °C.
Average values were used for the results. The error bars indicate the
standard deviations.
6.3.3.2 The effect of sample matrix

During the experiment with real producer gas in paper IV, other
compounds were injected in to the gas stream before the catalyst in order
to test the influence these may have on the catalyst. The compounds used
in this investigation were H2S, KNO3 and KCl. None of these compounds
are likely to interfere with the adsorption on the SPME fibre due to their
polar nature.
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Figure 35. The results from the tar analyses using SPME and SPA

6.4 Conclusions
The results from SPME and SPA are in general similar which is
reassuring in the development of a new tar analysis method. There are,
however, some systematic differences between SPME and SPA and also
between the two SPME analyses. Comparing the SPME analyses at low and
high temperature it is obvious that a higher sampling temperature results in
significantly higher measured concentrations of the heavier tar compounds.
This is most likely due to tar condensation at the lower sampling
temperature, since the deviation increased with increasing molecular
weight. The results from SPA sampling are in general lower for the heavier
tar compounds, compared to SPME sampling at high temperature. This
indicates that the temperature dependence of SPME is perhaps not
adequately calibrated, or it could also be the result of condensation of
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heavy tar compounds in the SPA needle. This can be avoided in future SPA
sampling by carefully washing the needle with the solvent during the
elution of the samples. A problem in the interpretation of the results is the
large spread of the SPA results, preventing firm conclusions. The spread of
the SPME results is much lower. The short sampling time of SPA (1 min)
compared to SPME (10 min) is not enough for monitoring the variation in
gas composition, most likely caused by variation in the biomass feed.

Chapter 7
Future work
7.1 Commercial application of the PID in tar
analysis

● The method can be used for process control in gasification
processes in order to minimize problems normally associated with tar. The
response time of a few seconds while changing the tar concentration will
make the method suitable for giving feed-back to a process control system.
The response time of other off-line methods is too slow for this purpose.
● An online method can be used as a safeguarding tool for
expensive process equipment.
● It will enable directly linking the tar production with the gasifier
performance and therefore assist research and development work on
biomass gasification to determine the performance of the gasifier and/or
gas cleaning device(s). Multiple PID analyzers can be used.
● The method is very inexpensive – both in investment and
operation – mainly because there is no need for laborious sample treatment
and analyses as for the existing methods.
● It will contribute to and enhance the development of tar-free
gasification concepts.
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● Employment of the PID on-line method is has some limitations:
- Validation of the method for different gasifiers and fuels
- Inability of the method to distinguish between the detectable
compounds in a mixture of gases
- Interruption of continuous operation of the PID detector due
to fouling of the lamp.
To overcome the inability to distinguish between detectable
compounds the PID can be connected to other analysis instrument, such as
a mass spectrometer, since the PID detector is a non-destructive detector.
Removal of fouling from the PID lamp is possible by purging the lamp
with solvent or burning off the impurities by increasing the temperature.
The composition of the presently used PID lamp window does not allow
for burn off since the MgF2 used in the window is not stable at high
temperature. Replacing MgF2 with sapphire may be a suitable option due to
its heat stability and high UV-light transparency for the wavelength used in
this application 28. Another possible way to overcome the fouling limitation
is to use several identical PID lamps in parallel to switch between when
necessary.

7.2 The future aspect of using SPME as tar sampling
method

The SPME has been shown to be a promising sampling method for
analysis of trace amounts of tar when it comes to syngas application.
Nevertheless, its ability to measure a trace amount of tar from a real gasifier
still remains to be examined. The level of tar produced by the lab-scale
gasifier at KTH is much above a trace amount. Another aspect to consider
for using SPME as a tar sampling method is the storage stability of the
fibre device after sampling. Some studies have been made and variations in
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storage conditions have been examined to minimize the loss of analytes.
Conditions such as having needle uncapped at room temperature, capped
and stored at room temperature, in a refrigerator and in a box filled with
dry ice to reach a temperature of -70 °C 56. Different caps in selected
materials and different tubes with varying tightening have been
examined 57. These varied conditions can be employed to examine the
storage stability of the SMPE fibre for tar compounds. Another factor
affecting the tar compounds on the coating is the storage time. The time
and the temperature of storage are essential especially for the highly volatile
tar compounds. It is expected that maintaining the SMPE fibre at low
temperature should result in increasing the stability of the tar compounds
on the fibre due to slower diffusion of analytes at lower storage
temperature. The material of the tube should be absolutely inert to reduce
the affinity of the inside walls.
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