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Abstract 

As part of a European project pyrolysis gasses will be analysed with a fourier trans
form infra-red (FTIR) spectroscopic analyser at the Eindhoven University of Tech
nology. A small scale pyrolysis set-up, the tube furnace, is designed and built. The 
tube furnace, with a volume of 240 cm3 , heats biomass in a nitrogen atmosphere 
with a fixed heating profile up to 515 °C. 
FTIR spectroscopy is used to determine the pyrolysis gas composition and com
pound concentrations. Calibration measurements using 100, 500 and rooo ppm 
methane in nitrogen gas were performed on the spectral line 3086 cm-1. Methane 
gas calibration is performed successfully and the resulting calibration line is ap
plied to determine methane gas concentrations. In addition calibration measure
ments using 200, rooo and 2000 ppm ammonia in nitrogen gas were performed 
on spectral line 3334 cm- 1• Due to the low amount of absorption by ammonia in 
this spectral line ammonia gas concentrations can not accurately be determined. 
Pyrolysis experiments with 7.4 grams of pulverised bark are performed with a 
closed tube furnace. After 70 minutes at a temperature of 515 °C the gases are 
cooled and led to the FTIR spectroscopic analyser. Qualitative analysis shows that 
the main gas components are H2 0, CO2 , CO and CH4 . The methane gas concen
tration was not quantifiable due to the high methane gas concentration. 
A higher accuracy in determining ammonia gas concentrations can easily be ob
tained by calibrating in the spectral range between 1400-1900 cm-1 . The set-up 
will therefore have to be flushed with nitrogen during measurements. In future 
measurements the sample mass can be reduced to reduce the methane gas concen
tration. For quantitative analysis the main gas components and other quantifiable 
gas components will have to be calibrated. To increase the experimental value of 
the tube furnace set-up the heating can be adjusted in order to control the heating 
rate and end temperature. 



Samenvatting 

Als onderdeel van een Europees project worden er aan de Technische Universi
teit Eindhoven pyrolyse gassen geanalyseerd met behulp van fourier transform 
infra-red (FTIR) spectroscopy. Een kleinschalige pyrolyse oven is ontworpen en ge
bouwd. Deze buis oven, met een volume van 240 cm3 , verhit de biomassa in een 
stikstof atrnosfeer met een vast opwarm-traject tot 515 °C. 
Fourier transform infra-red (FTIR) spectroscopie wordt gebuikt om de samenstel
ling en gas concentraties van het resulterende pyrolyse gas te bepalen. ljk metingen 
worden uitgevoerd met 100, 500 en 1000 ppm methaan in stikstof gas op de ab
sorptie lijn in 3086 cm- 1. Methaan wordt met succes geijkt en de resulterende ijk 
lijn wordt gebruikt voor het bepalen van methaan concentraties. Tevens worden ijk 
metingen uitgevoerd met 200, 1000 en 2000 ppm ammoniak in stikstof gas. Van
wege de lage absorptie van ammoniak in deze absorptie lijn is het niet mogelijk 
om ammoniak concentraties nauwkeurig te bepalen. 
Pyrolyse experimenten met 7.4 gram verpulverde bast worden uitgevoerd in een 
gesloten buis oven. Na 70 minuten op een eind temperatuur van 515 °C worden de 
gassen gekoeld en naar de FTIR geleid. Kwalitatieve analyse van de gassen laat zien 
dat de hoofd bestanddelen H20, CO2, CO en CH4 zijn. De methaan concentratie 
was niet kwantificeerbaar aangezien de concentratie te hoog was. 
De nauwkeurigheid bij het bepalen van ammoniak concentraties kan eenvoudig 
verhoogd worden door ammoniak in het bereik tussen 1400-1900 cm- 1 te ijken. 
Daartoe dient de FTIR tijdens de metingen met stikstof gespoeld te worden. In 
toekomstige experimenten zal de hoeveelheid biomass gereguleerd worden om de 
methaan concentratie te reduceren. Om kwantitatieve experimenten uit te kunnen 
voeren zullen de hoofdbestanddelen in pyrolyse gas en andere gas componenten 
geijkt moeten worden. De experimentele waarde van de buis oven kan vergroot 
worden door de verwarming van de oven aan te passen, zodanig dat het opwarm 
traject en de eind temperatuur ingesteld kunnen worden. 

------· - ---------
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Chapter 1 

Introduction 

Whether or not the use of fossil fuels has a distinct influence on the greenhouse 
effect and climate change, fossil fuel consumption has increased world wide aware
ness and the urgency to reduce our influence on the environment. This awareness 
results in the aim to increase the use of renewable energies. Biomass is readily 
available and the use of it does not depend as much on weather influences as for 
wind energy and solar power. Because of its large potential it can play an important 
role in renewable energy production. All organic material can be seen as biomass. It 
is part of the short carbon chain and therefore the use of it is CO2 neutral. Biomass 
is mostly combusted in order to produce heat and power. Flexible use of biomass 
is needed in order not to be dependent on a single biomass fuel. A major prob
lem regarding the use of biomass in combustion plants are the NOx emissions 
[1). NOx is the generic name for all nitrogen oxides. In combustion mainly nitro
gen oxide NO is produced. In the atmosphere NO reacts to nitrogen dioxide N02 • 

With water, H20 , nitrogen dioxide reacts to nitric acid, HN03, which causes acid 
rain. Because of the relatively low temperatures in biomass combustion the main 
source ofNOx is the fixed nitrogen in the biomass known as fuel-N formation (2) 
(3). Conventional biomass combustion plants are designed and optimised for a spe
cific biomass fuel among others to minimize the NOx emissions. Different fuel 
types and compositions influence the combustion process and thus the emissions. 
Legislation will demand a reduction of the NOx emissions. A continuously chang
ing fuel type and/or composition makes it more difficult to optimise a combustion 
plant in order to reduce the emissions. In order to meet the demands research is 
stimulated and carried out. 

1 .1 Scope of the project 

The main objective of the OPTICOMB (Optimisation and design of Biomass Com
bustion Systems) project is to increase the flexibility ofbiomass combustion plants 
with respect to the fuel input, and substantially reduce the emissions with this tech
nology (1). The OPTICOMB project is a European project in which several partners 
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including the Eindhoven University of Technology (TU/e) and the Graz University 
of Technology (TUG) cooperate. Toe various participating partners have been as
signed to distinct tasks and goals. One of the tasks appointed to the TU/e and the 
TUG is to characterise NOx•precursors from the biomass fuel layer. At present no 
satisfying tools are able to describe NOx formation mechanisms in the fuel layer 
(1). Therefore a CFD combustion model for biomass combustion with a reaction 
mechanism for the combustion process including NOx formation will be devel
oped. Different experimental set-ups are used to assist this research. The Grate 
furnace(!), pot furnace (II), sigaret set-up (III) and grid reactor (IV) will shortly be 
discussed. The tube furnace set-up, which is subject of this research, will be dis
cussed in paragraph 1.2. 

Grate furnace (I) 

Experiments on a full scale 440 kw biomass combustion plant have been carried 
out by the TUG. Three biomass fuels have been combusted during standard oper
ating conditions while monitoring gas compositions and temperatures in the plant. 
A schematic representation of the grate furnace is given in figure I.I. 

fluegas 
recirculation 

fuel 

f flow 

primary air 

.J, return 

secondary 
conibustiOn. 

%0"8 

prlri'lary 
combustion 

ZOhe 

Figure I.I: Schematic representation of the 440 kw combustion plant in Austria. 
Courtesy of Graz University of Technology, Institute RNS 

Toe biomass is transported through the primary zone on a grate. Primary air 
is blown into the primary combustion zone from underneath the grate where the 
biomass combusts under fuel rich conditions. In the secondary zone extra air is 
added and the gases combust completely before entering the boiler. On entering 
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the furnace the biomass will first dry, pyrolyse, gasify and finally combust. Accord
ingly various zones can be distinguished in the fuel bed (fig.r.r). Grate furnace 
experiments are of great importance in validating the combustion process model 
which will be developed. 

Pot furnace (II) 

The pot furnace developed at the TUG is a small scale fixed bed combustion set-up. 
By applying specific conditions during biomass combustion it simulates operating 
conditions in the grate furnace. By varying important operating conditions like the 
oven temperature and the oxygen content the influence of these operating condi
tions can be determined on for example the exhaust gas composition. The influ
ence of these conditions on the reaction mechanism are necessary for modelling 
the combustion mechanism. 

Sigaret set-up (Ill) 

The sigaret set-up, developed at the TU/e, will be used to simulate one dimen
sional flame propagation. A vertically mounted sigaret filled with tobacco or other 
biomass is ignited on top while blowing air in from the bottom. Thermocouples 
make it possible to monitor the bed temperature, flame front propagation speed 
and flame front temperature (appendix C). Fuel bed flame propagation experiments 
and simulations will aid the modelling of the fuel bed conversion and N-release 
rate. 

Grid reactor (IV) 

At the TU/e the grid reactor has been developed. In this grid reactor the decom
position rate of very small biomass particles will be analysed in order to study the 
reaction kinetics and N-release rates. The temperature of the surrounding gases 
play an important role in the decomposition rate of biomass particles. In the grid 
reactor small particles are inserted onto a preheated grid with temperatures up 
to rooo °C. Release rates of specific gas components like NH3 can be monitored 
during the experiment. The reaction kinetics and N-release rates are essential in 
modelling the combustion mechanism and N-release rate in a biomass fuel bed. 

1 .2 Tube furnace 

The gases produced in the pyrolysis layer (fig.r.r) differ from the gases present in 
the primary combustion zone because they have not yet been partially combusted. 
In order to understand the complete reaction mechanism and N-release rate it 
is necessary to know what compounds are formed in this pyrolysis layer. This 
knowledge is of special importance for the grid reactor experiments in determining 
what components to look at in the grid reactor. The tube furnace is a small scale 
biomass pyrolysis set-up which has been developed at the TU/e. Slow pyrolysis 
is carried out in order to study the kind and amount of produced intermediate 
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products before gasification and combustion starts. NOx precursors are mainly 
produced from fixed nitrogen during this primary pyrolysis step [4]. The resulting 
pyrolysis gas will be analysed with fourier transform infra-red (FTIR) absorbance 
spectroscopy. FTIR spectroscopy is chosen because this technique is commonly 
used to accurately determine varying gas compositions of gas mixtures. Because 
there is little expertise on FTIR spectroscopy at the TU/e this technique will have to 
be studied and practically applied. Qualitative measurements will be carried out in 
order to see what components are produced during pyrolysis. Quantifying the gas 
component concentrations is done by comparing the FTIR measurements with 
FTIR data from calibration gases. Although the OPTICOMB project will focus on 
nitrogen containing gas compounds, other important trace gas components like 
CO and CH4 will also be monitored. The objectives of this research can thus be 
formulated as follows: 

-Apply qualitative and quantitative FTIR absorption spectroscopic gas analysis for 
nitrogen containing and other trace gas components from biomass pyrolysis. 
-Build a pyrolysis set-up to produce pyrolysis gas for FTIR spectroscopic gas analysis. 

In chapter 2 the to be investigated process of pyrolysis wil be described. Chapter 
3 presents the theory of infra-red absorption spectroscopy. Fourier transform infra
red (FTIR) spectroscopy is presented and important details concerning this tech
nique are discussed. The tube furnace set-up is presented in chapter 4. Calibration 
measurements on three methane and ammonia gas concentrations are performed 
and the results are presented. Chapter 5 deals with the test procedure and tube 
furnace experiments on bark. The results are presented, anslysed and discussed. 
The results of this research are discussed in chapter 6. Finally the conclusions and 
recommendations are presented in chapter 7. 
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Chapter 2 

Pyrolysis 

Biomass pyrolysis is the thermal degradation ofbiomass in absence of an externally 
supplied oxidizing agent (5). This is the initial step in biomass gasification and 
combustion converting the biomass into gaseous, liquid and solid products[4](6]. 
By heating biomass without an oxidizing agent pyrolysis can also be carried out 
without gasifying or combusting the biomass. Parameters like final temperature, 
heating rate and residence time influence the proportions of the gaseous, liquid 
and solid products formed. Based on these parameters three main types of pyrolysis 
are commonly used: 

• Slow pyrolysis: slow heating rates (<60 °C/min) are applied with residence 
times from minutes up to several hours or days. At final temperatures up to 
600-650 °Cit has an optimal solid (char) yield. At temperatures above 650 
°C the main product is gas [6], [7]. 

• Fast pyrolysis: operates at high heating rates (<60.000 °C/rnin), a short res
idence time (0,5-5 seconds) with a relatively low final temperature (500-600 
0 C) . Due to the short residence times and quenching after the reactor sec
ondary cracking is prevented. This results in an optimal liquid fraction [6], 
[7] . 

• Flash pyrolysis: operates at even higher heating rates (>60.000 °C/rnin) and 
a very short residence time (<I second). Temperatures up to 650 °C are ap
plied to obtain an optimal liquid fraction. Higher end temperatures are ap
plied to obtain an optimal gas fraction [6], [7]. 

Experiments on fixed bed biomass combustion set-up's like the sigaret set-up show 
that biomass is heated rapidly near the flame front. Heating rates up to 2000 
°C/ min measured by the sigaret set-up imply that biomass in the grate furnace 
undergoes fast pyrolysis (C). 
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2.1 Biomass pyrolysis 

On average biomass consists of 50% carbon (C), 6% hydrogen (H) and 44% oxy
gen (0) (weight percentages dry based) and can contain up to 60% water (weight 
percentage wet based). The nitrogen content in biomass depends greatly on the 
kind of biomass and can vary from 0.1% for wood up to 2.5% (weight percentage 
dry based) for grass [5]. Carbon, hydrogen and oxygen form thiee main structures 
in biomass listed in tabel 2.1. 

Name 
Hernicellulose 

Cellulose 
Llgnin 

Compound 
various sugars 
other than glucose 

C5H100s 
C40H4405 

Weight percent dry based 
20-35% of wood 

40-45% of wood 
15-35% of wood 

Table 2.1: Main structures in wood [5]. 

The pyrolysis process is determined by these structures. The small structures 
(hemicellulose) volatilise more easily compared to the larger structures like cellu
lose and lignin. This can be shown by pyrolysis experiments carried out in a TGA 
(thermo gramematric analyser) instrument (fig.2.1) . 

... .. . .. 
,. 

~= f .. .. 
" 
io 

373 473 573 673 773 
. 
273 373 473 573 67:i 773 

Temperature (K) Temperature (K) 

Figure 2.1: Decomposition ofbiomass at a heating rate ofio °C/min for four dif. 
ferent biomass samples [5]. 

In figure 2.1 the volatilisation rate (left figure) and sample mass (right figure) of 
four biomass samples is shown and set out against the temperature. The sample is 
heated at a heating rate of IO °C/min [5]. 
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• First the water in the biomass samples evaporates which can be seen by the 
first peak near 330 K in the left figure. Due to the drying the mass of the 
samples decreases steadily (right figure) . 

• Volatilisation starts at approximately 473 K and the volatilisation rate in
creases with the temperature. A rapid decrease of the sample mass can be 
observed. 



• Hemicellulose volatises up to 573 K which can be seen as the plateau in the 
volatilisation rate. 

• Cellulose volatises up to the second peak at approximately 630K The sample 
mass is then reduced to approximately 20 to 30% and the volatilisation rate 
decreases rapidly. 

• Above 673 K the sample mass decreases slowly due to the slow volatilisation 
caused by lignin. 

The volatile products produced are light molecular gases like CO, CH4 and 
NH3. In table 2.2 a list of pyrolysis gas components is given together with their 
weight percentage relative to the sample mass. 

Name Compound WP WP 
10°C/min 30C°C/min 

Methane (CH4) 1.27 1.30 
Water (H2O) 10.6 16.0 
Carbon monoxide (CO) 7.48 6.77 
Carbon dioxide (CO2) 5.9o 5.08 
Ethylene (C2H4) 0.15 0.23 
Hydrogen cyanide (HCN) 0.09 0.09 
Ammonia (NH3) 0.00 0.02 
Isocyanic acid (HNCO) 0.II 0.02 
Carbonyl sulphide (COS) 0.18 0,II 
Sulphur dioxide (SO2) 0.17 0.12 
Formaldehyde (CH2O) 3.66 2·93 
Acetaldehyde (CH3CHO) 9.28 8.n 
Methanol (CH3OOH) 0.98 0.74 
Formic acid (HCOOH) 2.68 I.73 
Acetic acid (CH3COOH) 2.78 2-37 
Phenol (CsHsOH) 1.46 0.65 
Acetone (CH3OCH3) 2.05 2.15 

Table 2.2: List of gaseous components formed during slow pyrolysis experiments 
on pelletized wood [4]. WP: weight percentage dry based. 

The data was obtained from slow pyrolysis experiments on pelletized wood with 
an end temperature of 900 °C. The applied heating rate was 10 °C/min and 30 
°C/rnin respectively [4]. In these experiments secondary reactions were suppressed 
by cooling the pyrolysis gas after the pyrolysis area. Table 2.2 shows the influence 
of the heating rate on the gas composition. The compound yield of most complex 
larger gas components like methanol and formic acid reduces when increasing 
the heating rate. The methane yield and especially the water yield increases when 
increasing the heating rate while the carbon monoxide and carbon dioxide yield 
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drops. When looking at nitrogen containing compounds the hydrogen cyanide 
yield is stable. The isocyanic acid yield drops while the ammonia yield increases 
with increasing heating rate. 
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Chapter 3 

Infra-red absorption 
spectroscopy 

All gases except mono atomic and homo nuclear diatomic gases like N2, H2 and 
0 2 absorb infra-red light. Since each molecule absorbs a unique part and amount 
of the infra-red spectrum it is possible to qualify and quantify gas components in 
gases by spectral absorption. This is the basis for spectral absorption gas analysis 
techniques. First infra-red absorption by gases is discussed. In chapter 3 .2 fourier 
transform infra-red (FTIR) absorption spectroscopy is presented and important de
tails concerning this method are discussed. 

3.1 Infra-red absorption spectroscopy 

In general light is a polychromatic light bundle which consists of radiation of dif
ferent wave lengths(>.). The wave number v , 

1 
v= ';;: ' (3-1) 

is inversely proportional to the wave length and is given in cm- 1 . Infra-red is light 
in the wave number range from 10 cm-1 up to 14000 cm-1 of the electromagnetic 
spectrum. Every molecule absorbs light of distinct wave numbers in the infra-red 
spectrum and the amount of absorbed light differs per wavelength. The transmis-
sion, 

T(v) = I(l, v)' 
I(O, v) (3-2) 

is defined as the division of the resulting light intensity after passing through a 
gas sample (I(l , v)) and the light intensity before passing through a gas sample 
(I(O , v)) . l Is the path length through the gas sample. Carbon monoxide, CO, for 
example absorbs in the region between 2050-2250 cm-1 . In figure 3 .1 the transmis
sion spectrum of carbon monoxide is shown. The transmission on the vertical axis 
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is set out against the wave number on the horizontal axis. It can be observed that 
the amount of absorbed light within the range 0£2050-2250 cm - 1 differs per wave 
number. This results in the characteristic carbon monoxide absorption spectrum. 

l 10 ----- --- ~-- - -.-

40 +----~----------
2050 2100 2150 

v(cm-1) 
2200 2250 

Figure 3-1: Carbon monoxide (CO) infrared transmission spectrum 

3.1.1 Beer's law 

When a beam of infra-red light passes through a pure gas the amount of light 
absorbed will depend on the gas concentration c, the gas absorptivity a(v) and the 
path length of the light through the gas l . In order to perform quantitative analysis 
a relationship between the absorbed light and the gas concentration is needed. The 
amount of light absorbed by a slice of gas dl with a thickness dx is defined by 

dl = I(x , v) - I(x + dx, v) = -I(x , v)a(v)cdx , (3-3) 

with I the beam intensity and x the path distance through the gas (fig-3-2). The 
absorption is thus proportional to the light intensity I(x, v), the gas absorptivity 
a(v ), the gas concentration c and the path length x. 

The amount of light absorbed by the whole gas sample is then obtained by 
integrating equation 3.3 over the sample length; 

JI(l ,v) dl(v) 1l 
-- = - a(v)cdx. 

I (O,v) I(v) o 
(3-4) 

The amount oflight absorbed by the whole gas sample is then; 

( 
I(l , v)) 

ln I(O, v) = - a(v)d . (3 .5) 
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gas 

l(x) ~ l(x+<lx) ~ 

x+<lx 

Figure 3.2: Absorption by a slice of gas 

This can also be written as 

l(l, 11) = 1(0, 11)e(-a(v)cl), (3.6) 

which shows that the light intensity l(l, 11) is dependent on the initial light in
tensity 1(0, 11) and decreases logarithmically in the sample gas. Now we relate the 
absorption to the transmission; 

A(11) = -ln(J~~•,:~) = -ln(T(11)). (3-7) 

The absorption by gas, 

A(11) = a(11)lc, (3.8) 

is known as Lambert-Beer's law. Beer's law makes it possible to determine gas 
concentrations based on the amount of absorption. According to Lambert Beer's 
law (eq.3.8) the absorption is linearly dependent on the gas concentration assuming 
that the path length through the gas sample l and the gas absorptivity a(11) are 
constant. Lambert Beer's law also implies that the absorption is zero when the 
gas concentration is zero. Only one spectrum with a known gas concentration is 
needed to derive the factor 'Y = a(11)l by Lambert Beer's law. An unknown gas 
concentration, 

A 
c=-, 

'Y 
(3-9) 

is then easily quantified by the sample gas absorption A and 7. The specific gas 
absorptivity a(11) and thus the absorption is pressure and temperature dependent. 
It is possible to adjust measurements for temperature and pressure variations. All 
measurements in this research will be performed under atmospheric temperature 
and pressure. Therefore no adjustments have to be made. At high absorptions, 
above 70% absorption, Beer's law is no longer valid (8). 



3.2 FTIR absorption spectroscopy 

3.2.1 Traditional absorption spectroscopy 

In traditional infra-red spectroscopy an infra-red beam passes through a slit onto 
a monochromator (a grating or a prism) (fig.3.3(a)) . An exit slit selects a part of 
the dispersed light which strikes the detector. The advantage of this system is that 
it can be applied in a double beam system making it possible to measure a gas 
spectrum and a reference spectrum simultaneously. The disadvantage is that only 
a small part of the spectrum, selected by the exit slit, can be measured at once. A 
high resolution requires a small exit slit. Measuring a broad spectrum thus requires 
a lot of measurements. A small exit slit also reduces amount of infra-red light that 
reaches the detector [8]. 

r ... I 
v -Ef-!s----,1-1111,.' ExS 

Broad Band 
Source Sample 

Detector 

(a) Optical layout of a single beam disper
sive infra red spectroscopic analyser. EnS: en
trance slit. ExS: exit slits [9 ]. 

Flxed 
Mim>t 

X 

B&em 
Splitter "°""a:ile 

t.llnOr 

(b) Optical layout of a fourier transform infra
red spectroscopic analyser with a Michelson 
interferometer [9] 

Figure 3.3: Dispersive (a) and FTIR (b) spectroscopic analyser. 

3.2.2 FTIR absorption spectroscopy 

The advantage ofFTIR absorption spectroscopy over traditional spectroscopy is that 
it can measure the whole infra-red spectrum at once. The amount oflight passing 
through the sample is not limited by an exit slit. 
With FTIR absorption spectroscopy the infra-red beam is first rendered by pass
ing it through a Michelson interferometer (fig.3.3(b)). The interferometer splits the 
beam in two equal parts and introduces a variable path difference between the two 
beams before they are recombined. The recombined beam then passes through the 
gas sample onto the detector. When looking at a Michelson interferometer one part 
of the beam passes through a fixed path length ,y, and the other through a variable 
path length ,x, whereafter they are recombined. The displacement of the mirror 



is continuously monitored. The variable path difference between the two recom
bined beams results in a constructive and destructive light pattern. The signal of 
a monochromatic beam with wave length >. passing through the interferometer, is 
constructive when the path difference, 

8 = 2(x - y) , 

is (n ±¼)>..With n being any natural number. The resulting interferogram 1(8) 
striking the detector is given by 

1(8) = B(v)cos(21rv8) (3-11) 

with B(1/) the spectrogram of wave number v (10). The light intensity of the whole 
infra-red spectrum striking the detector after passing through the interferometer, 

1(8) = l'° B(v)cos(21rv8)dv, (3-12) 

is obtained by integrating over the whole interval (ro). The resulting interferogram 
(fig.3.4) is a plot of the detector signal(/) plotted against the optical path difference 
(8). 

-1000 -500 500 1000 

Figure 3+ Interferogram of air. The signal intensity (/) plotted against the optical 
path difference (8) 

At zero path difference o = 0 all wave lengths show a constructive peak because 
all wavelengths are in phase. This is the centerburst, visible as the peak intensity 
in the interferogram. Past the zero path difference the constructive and destructive 
peaks of different wave numbers do not coincide reducing I(o) at greater path 
differences. The detector signal is converted back to the absorption spectrum by 



means of an inverse fourier transformation. The spectrogram is then related to the 
interferogram by; 

B(v) = fo00 

I(o)cos(27rvo)do. (3.13) 

The resulting spectral distribution shows the amount of radiation detected depen
dent on the wave number (fig.3.5). 

1200 2400 3600 4800 
v(cm-1) 

Figure 3.5: Spectrum of air. The radiation intensity (B) is set-out against the 
wavenumber. 

Figure 3.5 shows a spectrum of air. The main form of the spectrogram shows the 
emitted light by the source which is comparable to a black source. The source emits 
little at wave numbers lower than 1200cm-1 but shows increasing ernitivity up to 
about 2500cm -l . The emitted light then gradually reduces with increasing wave 
numbers. The absorption lines present in the spectrum are due to the water (H2O) 
and carbon dioxide (CO2) present in air. Concluding one can say that FTIR ab
sorption spectroscopy is a fast spectroscopic technique which makes it possible to 
measure a wide spectral range at once. 

3.2.3 Apodization function 

A Fourier transformation only generates a perfect spectrum when the optical path 
difference extends from o to oo which is practically not possible. The interfero
gram will be truncated at the selected optical path difference. By doing so side 
lobes arise at the base of absorption lines. These side lobes can be suppressed by 
multiplying the interferogram by an apodization function that decreases steadily 
as it approaches the maximum path difference. The boxcar apodization function 
does not apply any function on the interferogram. Only the truncation of the in
terferogram influences the resulting spectrum and therefore does not reduce the 



sidelobes (fig.3.6(a)). Various functions can be applied suppressing the side lobes 
to various extents. In figure 3.6 absorption peaks are shown taken with different 
apodization functions. 

(a) boxcar (b)medium (c) triangular (d) strong 

Figure 3.6: Spectral line shape obtained with various apodization functions. An 
absorption peak is plotted against the wave number. 

The intensity of the side lobes at the base of the absorption peaks clearly varies 
depending on what apodization functions is used. Applying an apodization func
tion however influences the absorption peak height, width, and position. The peak 
height will be used to determine the amount of absorption by gas components. In 
order to see what influence an apodization function has on the peak height the gas 
calibration measurements were carried out for various apodization functions . In 
figure 3.7 the absorption by three different methane concentrations measured at 
wave number 3086 cm-1 is presented for four different apodization functions. In 
figure 3.8 the absorption by three different ammonia concentrations measured at 
wave number 3334 cm-1 is presented for four different apodization functions. 
In agreement with Beer's law the boxcar function in figure 3.7 shows a linear rela
tionship between the absorption and the gas concentration. All other apodization 
functions show a deflection from this linear relationship. Although the differences 
are smaller in figure 3.8, boxcar apodization also shows the least deflection from 
the linear relationship. Boxcar apodization thus has the least influence on the peak 
height. It however does not reduce the side lobes at the bases of absorption peaks. 
These side lobes do not have a negative influence on the spectrum other than that 
they are visible in the spectrum [ro]. Therefore the boxcar apodization will be used 
for al experiments. 

3.2.4 Background spectrum 

In order to quantify the absorption by sample gases it is necessary to measure rel
atively to a situation with zero absorption. This is carried out by taking a reference 
or background spectrum on a non absorbing gas. The sample gas is then measured 
relative to the background spectrum. 
Gases other than the sample gas in the line of the infra-red light beam also ab-
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Figure 3.7: Absorption by three methane concentrations in wave number 3086 
cm-1 for four different apodization functions. 
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Figure 3.8: Absorption by three ammonia concentrations in wave number 3334 
cm-1 for four different apodization functions 

sorb infra-red light. When air is in the line of the infra-red beam water and carbon 
dioxide absorb infra-red light (fig.3.5). Only the absorption by the sample gas is of 
interest. In figure 3.9 a schematic representation of the infra-red beam path from 
the source to the detector is shown. 
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Figure 3.9: Regions in the line of the FTIR's infra-red beam. 

Other than the sample area (b) there are two regions influencing the absorption 
of infra-red. Region (a) between the source and the sample area and region (b) 
between the sample area and the detector. When measuring a sample gas spectrum 
the light intensity at the end of each section is formulated according to equation 3.6; 

Ii = ls e< - a.c.l.) ' 

I2 = Ji e (-a.ql•) , 

Iv= I 2e<-accclc)_ 

(3-14) 

(3-15) 

(3-16) 

The light intensity at the end of section (c) striking the detector is related to the 
initial light intensity emitted by the source ls according to; 

(3-17) 

The absorption by the sample gas can be filtered from the measured spectrum. 
Therefore a background spectrum with non absorbing sample gas like nitrogen in 
section (b) is taken. Because the gas in section (b) does not absorb infra-red light 
the light intensity striking the detector Iv reduces to; 

The absorption by the sample gas can now be filtered from the surrounding gases 
by dividing the sample gas spectrum lvsample by the background spectrum lvback 

as follows: 

This reduces to, 

lvsample 

lvback 

ls e (- a.c. l. - a· c· l• - acCc lc) 

l s e<-a.c.l. - accc lc) 

I V sample _ e < - a•c•l• ) 

lvback - ' 

(3-19) 

(3-20) 

which shows the transmission through the sample gas in section (b) . This can 
easily be verified by applying equation 3.2 on the gas sample in section (b); 

I2 
T(v) = I1 . 

Substituting equation 3-14 and 3-15 leads to; 

I s e (- a. c.l. - abCblb ) 
T(v)=--~-~ 

I se(-a.c.l. ) 

(3-21) 

(3-22) 



This reduces to equation 3.20. The sample gas absorption, 

can be derived from the transmission according to equation 3.7. By taking spectra 
relative to a background spectrum the absorption by the sample gas can now be 
determined. 

3.2.5 Signal to noise ratio 

The absorption of a specific component will be taken at a specific wave number by 
means of the peak height. Typically a strong spectral line is taken in order to reduce 
the influence of noise. Noise is present in every system and influences the quality 
of the data. When taking the mean of several spectra the noise in the averaged 
spectrum can be defined as the root mean square, 

1 n 

rms = - I:(Avi -Av)2, 
n i=l 

with Avi the absorption in measurement i in wave number 11. A 11 is the mean 
absorption in wave number II over all measurements [9]. Therms noise is inversely 
proportional to the square root of the number of spectra averaged. The amount of 
noise can be visualised by taking a spectrum of a non absorbing gas relative to a 
background spectrum (fig.3.10, 3-11) . This should result in a spectrum with mo% 
transmission. Due to the noise the transmission will fluctuate around the mo% 
transmission line. 

In figure 3.10 a mo% transmission line spectrum is shown taken with the 
apodization boxcar function. Although the spectrum is taken relative to a back
ground spectrum there is still influence from water and carbon dioxide resulting in 
excessive noise locally. In figure 3.11 a region outside the spectral range of water and 
carbon dioxide is magnified. The mo% transmission lines for measurements with 
2, 4, 16 and 256 averaged scans are shown. Figure 3,11 clearly shows that the noise 
reduces when averaging a larger number of scans because the amplitude of the 
fluctuations become smaller. Taking more scans in order to reduce the rms noise 
however increases the measurement time. Figure 3-11 also shows that the mo% 
transmission line for 256 scans has an offset compared to the mo% transmission 
line. This baseline shift can be caused by using a not recently taken background 
spectrum or by instrument drift. Baseline shift can easily be corrected for by sub
tracting the main baseline shift from the spectrum [11). A measure for the quality 
of a spectrum is the signal to noise ratio, 

SNR = A(v) , 
rms (3,25) 

with A(11) the peak absorption at the selected wave number I/ . The quality of a 
spectral line therefore mainly depends on the peak intensity. The peak intensity 
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Figure po: 100% transmission spectrum with 16 averaged scans taken with the 
apodization boxcar function 
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Figure pr: 100% transmission spectrum for 2, 4, 16 and 256 averaged scans taken 
with the apodization boxcar function 

is fixed for a given path length and gas concentration. The signal to noise ratio 
improves when reducing the rms noise. By taking equation 3.24 into account the 
signal to noise ratio is proportional to the square root of the number of spectra 
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averaged. 
SNRcx ,/n. (3-26) 

A general rule of thumb is that a minimum SNR of three is required in order for 
a compound to be detectable [n]. It is however evident that the accuracy of the 
signal increases with a higher signal to noise ratio. A working expression for the 
inaccuracy in the absorption is, 

6AM = A(v)kp 
~(SNR) ' 

with kp = 1 an empirical weighing factor and Nw the number of points in a line 
width [10]. The number of points in a spectral line is found by dividing a unit wave 
number 1 ( cm - 1) by the spectral resolution R cm - 1. The spectral resolution is the 
interval by which the FTIR can distinguish between wave numbers. The inaccuracy 
6A(v) in the absorption is proportional to the reciprocal of the signal to noise ratio. 
It is also proportional to the reciprocal of the square root of the number of points in 
a line width. This is due to the sampling error [10]. According to equation 3-27 the 
inaccuracy 6A( v) is constant for all absorption levels with a constant noise level. 
The relative inaccuracy ~tW increases with a reduction of the absorption level. By 
evaluating equation 3.27 the inaccuracy in an absorption peak can be determined. 
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Chapter 4 

Tube furnace set-up 

The tube furnace is a small oven in which slow pyrolysis is performed in order 
to study the kind and amount of produced products before gasification and com
bustion starts. By understanding what components are produced in this phase 
insight is gained into how the fixed nitrogen in biomass is transformed through 
NOx-precursors to NOx, It will help characterise NOx-precursors and thereby help 
model the reaction mechanism. 

Tube furnace 

The tube furnace consists of a stainless steel inner and outer tube (fig-4-1). The 
inner tube is 274 mm long with an inner diameter of 47 mm and a wall thickness 
of 1.8 mm. Biomass is put on a sample holder in the inner tube after which it 
is sealed with 15 mm thick stainless steel flanges. The outer tube has a diameter 
of 52 mm with a wall thickness of 1.8 mm. A hot air fan with a capacity of 2300 
watt heats the inner tube by blowing hot air into the outer tube against the inner 
tube. The outer tube and the flanges are insulated to reduce the heat losses and 
a K-type thermocouple measures the inner tube temperature. The tube furnace 
including all accessories excluding the insulation has a mass of approximately 9 
kg. The insulation has a mass of 1.5 kg. A picture of the insulated tube furnace 
set-up is shown in figure 4.2. 
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Figure 4.1: Schematic representation of the tube furnace set-up. 
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Figure 4.2: Part of the tube furnace set-up. 

Flow system 

Stainless steel tubing with an inner diameter of 4.9 mm and an outer diameter of 
6 mm leads the carrier gas and pyrolysis gas through the set-up. A small flow of 



nitrogen carrier gas is set by an analog flow meter with a maximum capacity of 2.5 
liter per minute nitrogen gas. A glas fiber filter with pores < 1 µm ensures that 
particles and tares are filtered from the pyrolysis gas. The filter is mounted in a 
stainless steel filter holder. A cold trap cools the pyrolysis gases to ambient temper
ature. Flexibel teflon tubing with an inner diameter of 6 mm and an outer diameter 
of 8 mm leads the gases from the fixed tubing to the gas eel in the FTIR. The gas 
eel is mounted in the FTIR sample compartment. A pressure gauge monitors the 
pressure to ensure that the gas eel is not pressurised. Six valves are mounted. By 
closing valves V-1 and V-2 the tube can be sealed off form the setup. By closing V-2 
and opening V-3 and V-4 nitrogen or calibration gas can be led directly to the gas 
eel. The gas eel itself has two valves, V-5 and V-6, to trap gases in the gas eel. An 
exhaust hood leads the exhaust gas and the air surrounding the set-up away from 
the set-up (not in figure 4.1). 

Perkin-Elmer FTIR-GX 

In figure 4. 3 a schematic representation of the optical layout of the FTIR is shown 
and in figure 4.4 a picture of the FTIR is shown. 
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Figure 4.3: Schematic representation of the optical layout of the Perkin-Elmer 
FTIR-GX 

The FTIR analyser consists of an optical module, a sample area and a detector 
module. In the optical module a source emits a beam of infra-red light. A laser pro
duces a monochromatic light bundle parallel to the source beam. This laser beam 
makes it possible to determine the direction and speed op the mirror displacement 
and can localize the center burst. After passing a B-stop and a J-stop the beam 
together with the laser beam is led through the beam splitter creating an interfero
gram (fig.3.4). In the sample area the beam passes through the gas eel. The beam 
then strikes the detector in the detector module. A list of optical components with 
a short description is given below. 

• Source: the source in the optical module emits a beam of infra-red light in the 
near infra-red (1200-15000 cm-1 ) or in the mid infra-red (30-10000 cm- 1). 

• B-stop: the B-stop in the optical module is an adjustable aperture. It controls 
the maximum area of the beam passing in order not to damage the detector 
by too much radiation. 
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optical module sample area detector module 

Figure 4+ Picture of the Perkin-Elmer FTIR-GX 

• J-stop: the J-stop in the optical module is also an adjustable aperture. It limits 
the divergence angle of the infra-red beam. Reducing the divergence angel 
of the beam increases the resolution. It however reduces the amount oflight 
that reaches the detector. 

• Beam splitter: the beam splitter in the optical module splits the infra-red 
beam in two beams. One is directed to a fixed mirror and the other to a mov
able mirror whereafter the beams are recombined. The resulting interfero
gram can be monitored as a function of the optical path difference between 
the two mirrors. The beam splitter transmits infra-red light in the spectral 
range 1200-14000 cm-1 

• Laser: a helium neon (HeNe) laser in the optical module emits light with a 
wavelength of 633 nm (15798 cm- 1). This beam is used as a wave number 
reference and it monitors the speed, position and the direction of the mirror. 
It locates the center burst of the interferogram 

• Gas-cell: the gas-cell is situated in the sample area. The gas that needs to be 
analyzed flows through the gas-cell. The infra-red beam is directed through 
the gas-cell onto the detector. The gas-cell window material (KBr) transmits 
light in the spectral range 400-43500 cm-1. 

• Detector: in the detector area a MIRTGS (mid infra-red triglydne sulfate) 
detector detects the transmitted light in the spectral range 220-10000 cm - 1 . 

The detector signal can be amplified by a factor 2, 4 or 8 by the according 
"gain"setting. 



The optimum optical range taking all optical components into account is 10000-
1200 cm-1 . 

Software 

In order to conduct experiments and analyse data three software programmes will 
be used. These will be discussed shortly. 

Spectrum v2.oo [12]: in this programme by Perkin Elmer the FTIR settings 
are set and measurements can be started. It is possible to take an interferogram, 
a background spectrum or a spectrum taken relative to the most recently taken 
background spectrum. The measured data can be viewed on screen and simple 
analysis can be performed on the data. It is for example possible to determine 
peak heights, transform a spectrum from transmission to absorption and apply 
calculations on the spectrum. The data can either be saved as an interferogram file 
(.ig) or a spectrum file (.sp). Either can be saved in an asci file (.asc) in order for 
the data to be available for analysis in other programmes. 

Spectrum Beer's law vr.21 [13]: this programme by Perkin Elmer is used to 
generate calibration lines based on calibration spectra entered in the programme. 
A characteristic spectral peak or area is chosen at which calibration is performed. 
The calibration is performed either by determining the peak height or by the peak 
surface area. A base line correction can be specified. The resulting calibration 
curve can be viewed on screen and predictions of gas concentrations in spectra can 
be performed by the programme. 

Molspec [14]: Molspec is a software package which can calculate and generate 
spectra of 31 gases. In the programme the gas component concentration, tempera
ture, pressure and the path length are specified. The spectral range and resolution 
is set. Molspec then calculates and generates a spectrum for the specified gas and 
conditions. The absorption or transmission spectrum can be viewed on screen and 
the data can be saved for analysis in other programmes. Molspec spectra will be 
used to compare measured spectra in order to determine if certain spectral lines 
are caused by a certain gas. 

4.1 Gas calibration 

In order to quantify gas concentrations it is necessary to calibrate gas components. 
Because it is an enormous task to calibrate all possible pyrolysis gases only methane 
(CH4) and ammonia (NH3 ) will be calibrated. Methane because it is an important 
gas component and it is clearly visible in the spectrum which we will see later 
on. Ammonia because in is an important nitrogen containing gas compound in 
pyrolysis gas. Calibration will be performed on three different gas concentrations in 
order to verify Beer's law. In order to determine if certain spectral lines are caused 
by a certain compound, spectra generated by Molspec will be used as a comparison. 



Database spectra can be viewed on internet [15). 

4.1.1 Methane calibration 

In agreement with spectra calculated by Molspec measurements with methane gas 
show absorbtion in two main regions; between noo-1500 cm- 1 and between 2800-
3200 cm - 1 (fig-4.5) . 
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Figure 4.5: CH4 transmission spectrum for 1000 ppm CH4 on the spectral range 
from 1200 to 5000 cm- 1• 

The former shows less absorption compared to the latter and lies close to a region 
with strong absorption by water clouding th~ spectrum. The latter is situated just 
outside a region with strong absorption by water and is clearly visible in the spec
trum. In figure 4.6 the measured transmission spectrum with a nominal methane 
gas concentration of 1000 ppm is shown in the spectral region between 2800-3200 
cm - 1 . The transmission spectrum in figure 4. 7 is generated by Molspec. 

The similarity between figures 4.6 and 4.7 proves that the spectral lines in this 
region are indeed from methane. A strong clear spectral peak in this region is 
situated at wave number 3086 cm- 1. Calibration will be performed on this peak. 
Spectra will be taken with the apodization boxcar function at a resolution of 0.5 
cm - 1 . The gas spectra are taken relative to a recently taken background spectrum 
with the same settings. For every spectrum 16 scans are averaged and the detector 
signal is amplified by setting the gain on value eight. The measuring time with 
these settings is 5 minutes. 
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Figure 4.6: Measured methane gas transmission lines 
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Figure 4.7: Methane gas transmission lines calculated by Molspec. 

In figure 4.8 the transmission by 100, 500 and 1000 ppm CH4 (nominal values) 
in nitrogen in the spectral line at 3086 cm- 1 is shown. In the same figure the 



transmission calculated by Molspec for the same gas concentrations is shown. 
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Figure 4.8: Measured and calculated (Molspec) transmission in spectral line 3086 
cm-1 for three different methane gas concentrations. 

Although the calculated spectrum has a wave number offset compared to the mea
sured spectra the peak heights agree. In figure 4.9 the maxi.mum peak height ab
sorption by the measured spectra in 3086 cm-1 is plotted against the gas concen
tration. There is zero absorption with a methane gas concentration of zero. This 
extra point is added to figure 4.9. In agreement with Beer's law figure 4.9 shows 
a clearly linear relationship between the absorption and the gas concentration. The 
calibration gas concentrations have an uncertainty of 2%. This is represented by the 
horizontal uncertainty margin in figure 4.9. In order to determine how accurately 
gas concentrations can be determined by the relationship in figure 4.9 we will pre
dict the calibration gas concentrations by this relationship. The calibration curve 
presented in figure 4.9 was put in the spectral analysis programme "Beer's law"by 
which the predictions are made. In table 4.1 the calibration gas concentrations are 
shown. The error in the prediction is the difference between the calibration gas 
concentration and the predicted value. The uncertainty of the prediction is deter
mined by equation 3.27. The noise level is given by the standard deviation in the 
zero absorption line on the spectral range between 2800-3600 cm-1 . The spectral 
resolution is o. 5 cm - 1. This uncertainty should be seen as an error margin of pre
diction. The error of prediction is just above 1% for the rno ppm calibration gas but 
wel below the 1% for the other samples. 
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Figure 4 .9: Absorption by CH4 at four concentrations with the apodization boxcar 
function at wavenumber 3086 cm - 1 . 

[CH4)ppm [CH4)ppm error uncertainty 
calibration gas prediction (ppm) (ppm) 
99.8 97.5 1.3 l .O 

5°9 508.8 0.2 1.0 
976 976.3 0.3 1.0 

Table 4.1: Methane gas predictions for three calibration gas concentrations. 

4.1.2 NH3 Calibration 

Ammonia shows the strongest absorption in the region between 700-1300 cm- 1. 

This range is however outside the scan range of the FTIR and is therefore not 
visible in figure 4.10. In agreement with data base spectra measurements with 
ammonia also show some absorption in the regions between 1400-1900 cm-1 and 
3100-3600 cm-1 . 

The former is situated in a region with strong absorption by water. The latter is 
situated just outside a region with absorption by water and is clearly visible in the 
spectrum. In figure 4.n the measured transmission spectrum with an ammonia 
gas concentration of 2000 ppm (nominal value) is shown in the spectral range 
between 3100-3600 cm- 1 . In figure 4.12 the absorption by ammonia at a broad 
spectral range is shown [15). It is noted that the wave number axis is in reverse 
order. The encircled part in figure 4.12 represents the spectral range plotted in 
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Figure 4.10: NH3 transmission spectrum for 2000 ppm NH3 (nominal value) on 
the spectral range from 5000 to 1200 cm-1. 

figure 4.n. 
In figure 4.12 the strong peak near 1000 cm- 1 is clearly visible. The similarity be
tween figure 4. 6 and the encircled part of figure 4. 7 proves that the spectral lines in 
this region are indeed caused by ammonia. The strongest peak in this region is the 
central peak situated at wave number 3334 cm- 1

. Although this peak has not got an 
optimal line shape, calibration on this spectral line can be performed based on the 
peak height. Spectra will be taken with the apodization boxcar function at a resolu
tion of 0.5 cm- 1. The gas spectra are taken relative to a recently taken background 
spectrum with the same settings. For every spectrum 16 scans are averaged and the 
detector signal is amplified by setting the gain on value eight. The measuring time 
with these settings is 5 minutes. 

Results 

In figure 4.13 the transmission in spectral line 3334 cm- 1 for three NH3 gas con
centrations is shown. 

The gas concentrations are 200, 1000 and 2000 ppm NH3 (nominal values) in 
nitrogen. Because the spectral calculation programme Molspec does not generate 
transmission lines in this region for ammonia the peaks can not be compared with 
Molspec. In figure 4.14 the maximum peak height absorption by the measured 
spectra in spectral line 3334 cm- 1 is plotted against the gas concentration. There 
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Figure 4.n : Measured ammonia gas transmission lines. 
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Figure 4 .12: Ammonia gas transmission lines by NIST/EPA Gas-Phase Infrared 
Database. Note: the horizontal (1,1) axis is in reverse order compared to other figures . 

is zero absorption with an ammonia gas concentration of zero. This extra point is 
added to figure 4.14. In agreement with Beer's law figure 4 .14 shows a linear re
lationship between the absorption and the gas concentration. The calibration gas 
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Figure 4.13: Measured transmission in spectral line 3334 cm-1 for three different 
ammonia gas concentrations. 
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Figure 4.14: Absorption by ammonia at four concentrations with the apodization 
boxcar function at wave number 3334 cm -l . 
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[NH3]ppm [NH3]ppm error uncertainty 
calibration gas prediction (ppm) (ppm) 
202 192.1 IO.I 17·3 
1037 953-4 83.6 17-3 
2053 2090.5 37.5 17-3 

Table 4.2: Ammonia gas predictions for three calibration gas concentrations. 

concentrations have an uncertainty of 2%. This is represented by the horizontal 
uncertainty margin in figure 4.14. In order to determine how accurately gas con
centrations can be determined by the relationship in figure 4.14 we will predict the 
calibration gas concentrations by this relationship. In table 4.2 the calibration gas 
concentrations are shown. 

The calibration curve presented in figure 4.14 was put in the spectral analysis 
programme "Beer's law"by which the predictions are made. The error in the pre
diction (tab,4,2) is the difference between the real calibration gas concentration and 
the predicted value. The uncertainty of the prediction (tab,4,2) is based on equation 
3-27. The noise level is determined by the standard deviation in the zero absorption 
line on the spectral range between 2800-3600 cm-1 . The spectral resolution is 0.5 
cm - 1 . This uncertainty should be seen as an error margin of prediction. The uncer
tainty in the predictions are represented in by the vertical uncertainty margins in 
figure 4 .14. Due to the low absorption by NH3 in this spectral line the uncertainty 
of the prediction is quite high. 

Reducing the noise and increasing the resolution can increase the accuracy. 
The expected ammonia gas concentrations in pyrolysis gas also lie far below 2000 
ppm. The accuracy of a prediction will therefore stay low when measuring low gas 
concentrations. In order to increase the accuracy of the predictions the ammonia 
gas calibrations can be performed in another spectral range. This can be done in the 
spectral range between 1400-1900 cm- 1 by flushing the FTIR during experiments 
in order to remove the noise due to the water present in the line of the beam. The 
absorption by NH3 in this region is approximately 2 to 3 times as high compared 
to the region between 3100-3600 cm- 1

. If the noise is reduced the accuracy will 
improve 2 to 3 times when calibrating in this region. It is however also possible to 
increase the optical range of the FTIR by applying a beam splitter with an optical 
range up to at least 700 cm- 1. The NH3 absorption in the range between 700-1300 
cm- 1 is much higher and will increase the accuracy accordingly (fig,4,12). 
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Chapter 5 

Experiments 

Two types of experiments will be carried out; closed tube and open tube experi
ments. The test procedure and the results will be discussed and presented. For 
both experiments a biomass sample will be weighed and put into the tube furnace. 
The set-up is sealed and insulated. Air is removed from the set-up by flushing with 
1 liter per minute nitrogen gas for 3 minutes. The tube heating is then turned on. 

5.1 Closed tube pyrolysis 

In closed tube experiments no carrier gas will flow through the tube during the 
heating of the tube. All volitiles produced remain in the tube resulting in high gas 
concentrations. After the heating proces the pyrolysis gas will be lead through the 
gas eel. Higher gas concentrations make it easier to identify the gas components. 
The heating rate can not be regulated. In figure 5,1(a) the temperature and in figure 
5,1(b) the heating rate during closed tube experiments is shown. The temperature 
measurement is started just after the heating was turned on. The end temperature 
is approximately 515°C. In figure p(b) it can be seen that the heating rate is high 
initially whereafter it steadily drops. During the main part of the heating process 
slow pyrolysis takes place. Only in the initial stage up to 4 minutes, fast pyrolysis 
takes place. Although the applied heating rate does not correspond with the heating 
rate in a biomass combustion bed the experiments can provide useful information 
on gaseous products formed. Because the gases are trapped inside the tube during 
the experiments secondary reactions will take place influencing the gas composi
tion. Based on the ideal gas law (16] and the amount of gaseous compounds formed 
(tab.5.2) the pressure in the tube during closed tube experiments is estimated to be 
as high as 5 * 105 Pa. The increased pressure will also influence the gas compo
sition. The biomass used is pulverised bark (fig.5.2). Based on a sample mass of 
7.4 grams pulverised bark and the compound yield in table 2.2 the methane gas 
concentration can be as high as 42000 ppm. The ammonia concentration can vary 
between o and 500 ppm. These are rough estimations because the biomass and the 
experimental conditions are different compared to the data obtained in table 2.2. 
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Figure 5.1: Tube temperature and heating rate during closed tube experiments. 

Figure 5.2: Bark and pulverised bark. 
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5.1 .1 Results 

7.4 Gram of pulverised bark was put in the tube oven. The set-up was sealed and 
flushed for three minutes by a nitrogen gas flow of 2.0 liter per minute. The tube 
is sealed from the rest of the set-up by closing valves V-1 and V-2 (fig-4-1) and the 
temperature measurement is started. The hot air fan is turned on. A background 
spectrum on nitrogen gas is taken. After 70 minutes at an end temperature of 515 
C0 the heating is turned off. The tube is opened by opening valve V-2. A nitrogen 
flow of 0.2 liter per minute carries the pyrolysis gas through the gas eel. After 40, 
60 and 80 seconds the gas eel is closed by closing valves V-5 and V-6 trapping 
pyrolysis gas in the gas eel. Spectra relative to the background spectrum are taken 
(fig. 5-3). The FTIR settings during measurements are listed in table 5-1. 

opd velocity 
resolution 
spectral range 
number of scans 
gain 
apodization 

0.5 [cm/s] 
0.5 [cm-1) 

1200-5ooo[cm-1 J 
16 [-) 
8 [-] 
boxcar 

Table 5.1: FTIR settings. Opd velocity: optical path difference velocity 

The top spectrum in figure 5.3 shows no transmission lines. The pyrolysis gas from 
the tube furnace has not yet reached the gas eel. The noise in the spectral absorp
tion ranges of water and carbon dioxide are visible in the spectrum. After 60 sec
onds the pyrolysis gas has clearly reached the gas eel showing strong absorption 
throughout the spectrum (middle fig.5-3). The spectra taken after 80 seconds (bot
tom fig.5 .3) shows an increase in amount of absorption on the whole spectral range 
compared to the one taken after 60 seconds. After 60 seconds the pyrolysis gas 
will not yet have fully replaced the nitrogen gas present in the gas eel. After 80 sec
onds the gas eel is fully filed with pyrolysis gas. By a visual comparison with spectra 
generated by Molspec it can be said that the main gas components present in the 
pyrolysis gas are H2O, CO2, CO and CH4 (appendix A). No transmission lines 
caused by NH3 are visible in the spectral range between 3100-3600 cm- 1. Other 
components are not identifiable since they show absorption in the same spectral 
range as other components. The visual comparison does show that there is little 
to no HCN present in the pyrolysis gas. Although Molspec can calculate spectra 
of various gas components it can not generate spectra of all gas components men
tioned in table 2.2. It is therefore not possible to determine if these compounds 
show spectral absorption in the analysed spectral region. 
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Figure 5-3= Closed tube pyrolysis spectra taken after 40sec. (top), 60sec. (middle) and 80sec. 
(bottom). 
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Spectral subtraction 

In order to determine if components like CH20 and H202 are present in the py
rolysis gas the gas spectra of each known gas component will have to be subtracted 
from the pyrolysis spectrum. Here the methane gas spectrum has to be subtracted 
from the pyrolysis spectrum. The methane gas concentration is first determined 
by applying Beer's law. The methane calibration spectrum is then scaled to the 
methane gas concentration present in the pyrolysis gas. The scaled calibration spec
trum can then be subtracted from the pyrolysis spectrum. If there are no gases 
present absorbing in this spectral range all spectral lines in the absorption range 
of CH4 should reduce to zero and result in an 100% transmission line. Spectral 
subtraction will first be applied on two methane calibration spectra. The 500 ppm 
CH4 spectrum is first scaled to a 1000 ppm CH4 spectrum by multiplying it by a 
factor 1000/500 = 2 (nominal values). It is then subtracting from the 1000 ppm 
spectrum. In figure 5.4 and 5.5 the calibration spectra for 500 and 1000 ppm CH4 

are shown together with the subtracted spectrum. The resulting subtracted spec
trum shows a 100% transmission line in the calibration peak (fig.5.5) and on the 
whole spectral range from 2800-3200 cm-1 (fig.5.4). 
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Figure 5-4: 500 and 1000 ppm CH4 spectrum together with a scaled 500 ppm CH4 
spectrum subtracted from the 1000 ppm CH4 spectrum. 

By predicting the CH4 concentrations according to Beer's law the pyrolysis gases 
after 60 and 80 seconds contain a CH4 concentration of 2148 and 4377 ppm re
spectively. In figure 5.6 and 5.7 the pyrolysis gas spectrum taken after 80 seconds 
and the 1000 ppm CH4 calibration spectrum are shown. The calibration spectrum 
is scaled to 4377 ppm and subtracted from the pyrolysis spectrum. 
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Figure 5.5: 500 and 1000 ppm CH4 transmission peak in spectral line 3086 cm- 1 

together with a scaled 500 ppm CH4 spectrum subtracted from the 1000 ppm CH4 
spectrum. 

Figure 5.6 clearly shows that the subtracted spectrum does not reduce to a 100% 
transmission line. Although it might be possible that other gas compounds are 
present figure 5.7 shows that subtraction by the scaled calibration spectrum is far 
from optimal. Because the pyrolysis gas concentrations are much higher compared 
to the calibration gas concentration the pyrolysis gas peaks are much broader. Sub
tracting a scaled calibration spectrum therefore only reduces the central part of the 
peak, leaving two side lobs. Also deviations from Beer's law at higher absorption 
levels can be expected. A rule of thumb is that for 30% transmissions or lower 
Beer's law is no longer valid [8]. Accurate subtraction can only by obtained by us
ing calibration spectra with concentrations very close to the sample spectrum. It 
is therefore in this case not possible to predict the gas concentration and subtract 
the scaled CH4 spectrum from the pyrolysis gas spectrum. For future experiments 
the sample mass will have to be reduced in order for the transmission not to drop 
below 30%. This will however also reduce the concentrations of less present and 
less absorbing compounds like NH3• It is therefore necessary to vary the sample 
mass depending on which compound needs to be analysed. 
A chemical analysis on the bark used revealed that it contains less than 0.1% 
(weight percentage dry based) fixed nitrogen (appendix E. Literature values for bark 
are 0.3-0.45% (weight percentage dry based) fixed nitrogen [5]. In order to ensure 
sufficient nitrogen containing compounds are produced future experiments will 
be performed on biomass with a higher fixed nitrogen content, like MDF (medium 
density fiber board). 
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5.2 Open tube experiments 

In order to reduce secondary reactions and to monitor the gas composition during 
the heating proces an experiment with a low carrier gas flow during the experi
ment will be carried out. Because of a small carrier gas flow volitiles will be re
moved from the tube during the experiment. Once outside the tube the gases will 
be cooled immediately by the stainless steel tubing and secondly by the cold trap 
freezing secondary reactions. Secondary reactions will therefore have a limited ef
fect on the gas composition. Due to the carrier gas flow though the set up the tube 
is not sealed from the rest of the set-up. Therefore the pressure in the tube will 
remain atmospheric. It is also possible to monitor the gas composition during the 
experiment. However the volitile products will be spread out over the whole volume 
resulting in lower gas concentrations. Lower gas concentrations will lead to lower 
absorption making the components less detectable. This effect can be reduced by 
taking larger biomass samples. The carrier gas flow through the tube will have a 
limited cooling effect on the tube temperature. The methane concentration based 
on a sample mass of 7.4 grams pulverised bark, when spread out over the whole 
heating period (±70 minutes), can lead up to 3800 ppm. The ammonia concentra
tion from o up to 120 ppm. The volitalisation however does not take place during 
the whole heating period (fig. 2.1). The compound concentrations will therefore be 
higher and concentrated in the period with a tube temperature between 200 and 
400 °C. 

Results 

Open tube pyrolysis experiments have not been carried out yet. 

5.2.1 conclusions 

Concluding one can say that methane gas calibration has been carried out suc
cessfully and predictions of methane gas concentrations are possible. In addition, 
ammonia gas calibration has been carried out. Due to the low absorptivity of am
monia in the spectral range between 3100-3600 cm- 1 predictions of ammonia con
centrations are inaccurate. The accuracy of the calibration curve can be increased 
by calibrating in an other spectral range. In order to determine if gas components 
other than CO2 , CO, H20 and CH4 are present these gases will have to be cali
brated. When other components are visually detected in the spectrum these com
ponents will also have to be calibrated in order to determine their gas concentra
tions. Closed tube pyrolysis experiments have successfully been carried out. Due to 
the high methane gas concentration it has not been possible to predict the methane 
gas concentration. In future experiments smaller samples will be used to ensure 
transmission will not drop below 30%. In order to increase the amount of nitrogen 
containing compounds in the pyrolysis gas other biomass samples will be used in 
future experiments. Open tube experiments have not yet been carried out. 
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Chapter 6 

Discussion of the results 

The methane calibration shows that FTIR spectroscopic gas analysis is useful in 
determining gas concentrations. In order for it to be a useful tool in determining 
gas concentrations in gas mixtures the FTIR analyser will have to be calibrated for 
all relevant gas components. In gas mixtures however the spectral lines of differ
ent gas components interfere with each other when absorbing in the same spectral 
range. Applying Beer's law in order to determine the gas concentrations is then 
not so evident because the peak strength is not dependent on one gas component. 
By taking several characteristic spectral lines into account for each gas component 
it is possible to distinguish between interfering gas components. Determining gas 
concentrations then becomes an iterative proces of scaling calibration spectra in 
order to find the best fit. Software in order to computerize this is available. It wil 
however remain necessary to calibrate all relevant gas components. 
A possibility not to calibrate all gas components is to use a spectral calculation 
programme like Molspec or a spectral database. Every FTIR however has a unique 
influence on the absorption and thus produces a unique spectrum. Although the 
measured and calculated spectral lines for methane are identical in peak height 
figure 4.8 clearly shows a difference in peak position and a slightly different peak 
form. By determining a correlation function between the calculated and the mea
sured spectra it could be possible to adjust the calculated spectra. The resulting 
spectra can then be used as calibration spectra. Molspec however was incapable of 
generating all spectral lines for ammonia. In addition Molspec can only calculate 
spectra of a limited number of gas components. This makes Molspec unsuitable. If 
this approach is chosen another or an updated spectral calculation programme or 
a database would have to be used. The spectra should also be compatible with the 
presently used software. 
In order for the tube furnace set-up to have a useful experimental value it is neces
sary to be able to control the heating rate and the end temperature. It is therefore 
necessary to replace the hot air blower by, for example, an electrical heating. A use
ful adjustment to the set-up would be to mount a scale capable of monitoring the 
sample mass during the experiment. These two adjustments require severe adjust
ments to the set-up, especially to the tube oven itself. 
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It is necessary to keep all FTIR settings the same for the background spectrum 
and the gas sample spectrum except for the number of averaged scans. All optical 
settings change the light intensity striking the detector. It would not be possible to 
take a sample spectrum relative to the background spectrum when the light inten
sity is changed. It is however possible to average a large number of scans for the 
background scan compared to the sample scan. The number of scans averaged for 
the sample spectrum can then be varied up to the number of scans taken for the 
background spectrum. The noise level is then dependent on the number of scans 
made for the sample scan. Measuring time is ofless importance during calibration 
measurements which makes it possible to average a large number of scans for the 
background and sample spectrum. The accuracy of predictions is then fully depen
dent on the noise level in the sample gas spectra. 
An easily applied adjustment to the set-up would be to flush the FTIR compart
ments with nitrogen gas during the experiments. This will reduce the interference 
from absorbing components in the air and thus increase the accuracy of the mea
surements. 

45 



Chapter7 

Conclusions and 
recommendations 

conclusions 

When reviewing the objectives of this research, 

-Apply qualitative and quantitative FTIR absorption spectroscopic gas analysis for 
nitrogen containing and other trace gas components from biomass pyrolysis. 
-Build a pyrolysis set-up to produce pyrolysis gas for FTIR spectroscopic gas analysis. 

the research has been carried out successfully. The tube furnace set-up is 
operational and the FTIR spectroscopy technique is dear and is applied. Quan
titative measurements on methane and ammonia gas have been conducted 
and qualitative analysis of pyrolysis gas has been carried out. The calibration 
measurements show that FTIR spectroscopic gas analysis is a useful technique in 
determining gas concentrations. Due to interfering absorption of gas components 
extra effort will have to be put in determining gas concentrations in gas mixtures. 

The experimental value of the furnace will greatly increase if the heating rate 
and the end temperature are controllable. 

recommendations 

The accuracy in determining gas concentrations can easily be increased by increas
ing the number of averaged scans. All measurements and especially the back
ground and calibration measurements can be performed with a large number of 
averaged scans, 64 averaged scans fore example. The sample gas scans can then 
also be performed with a larger number of averaged scans, depending on the avail
able measurement time. Another adjustment would be to flush the FTIR with ni
trogen gas during all experiments. The noise in the spectral range of water and 
carbon dioxide will then no longer cloud the spectrum. This makes it possible to 
calibrate water and carbon dioxide. 



In order for the FTIR spectroscopic analyser to be useful in determining NOx
precursors and other gas components it needs to be able to distinguish between 
components in gas mixtures. Therefore the whole spectral range of absorbing com
ponents will have to be taken into account. By calibrating the main pyrolysis gas 
components CO2, CO and H20 and recalibration of CH4 with a large number of 
averaged scans the concentrations of the main pyrolysis gas components can be 
determined. By spectral subtraction other components in the spectrum could be 
detected. The experimental value of the tube furnace will greatly increase when the 
heating rate and end temperature of the tube is controllable. This requires severe 
adjustments to the tube furnace it sel£ An other useful adjustment would be to 
mount a scale to the furnace in such a way that the sample mass can be monitored 
during experiments. When conducting open tube measurements the gas concen
tration can be monitored in time while monitoring the sample mass. 

Recommended adjustments are: 

• Perform all measurements with a large number of averaged scans. 

• Flush the FTIR with nitrogen gas during all measurements. 

• Purchase spectral analysis software for compurterised quantification of gas 
components in gas mixtures. 

• Perform calibration measurements on CO2 , CO and H20. 

• Recalibrate CH4 and NH3 with a large number of averaged scans. 

• Adjust the set-up in order to control the heating rate and end temperature. 

• Adjust the set-up in order to monitor the sample mass during the experi-
ments. 

When carrying out the adjustments mentioned above the tube furnace set-up will 
be an important tool for the OPTICOMB project. It can qualify and quantify not 
only NOx•precursors but also other important gas compounds. By varying the heat
ing rate and end temperatures and varying the biomass samples it is possible to de
termine the influence of these parameters on the gaseous products formed. This is 
of great importance for the modelling of the combustion process and for the char
acterisation of NOx•precursors. It will therefore contribute to a reduction of NOx 
emissions of biomass combustion plants. Lower NOx emissions and the flexibility 
to vary in biomass fuel will stimulate the use of biomass as a renewable energy 
source. 
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Appendix A 

Visual identification 

Qualitative analysis on the dosed tube pyrolysis spectrum taken after 80 seconds 
(bottom fig.5 .3) will be performed by comparing the spectrum with spectra 
calculated by Molspec. The Molspec spectrum each time shows the transmission 
for one compound, the concentration is given in the figure. The Molspec spectra 
are generated for atmospheric pressure at a temperature of 293 K. The path length 
is set at IO cm. The Molspec transmission spectra are flipped over and place on 
top of the pyrolysis spectrum in order to compare them properly. The following 
compounds will be compared with the pyrolysis spectrum: H20, CO2, CO, CH4 , 

NH3, HCN, NO, N02, CH20, H202, H2S, COS, 802. 

conclusions 

Based on the visual comparison it is certain that H20 , CO2, CO and CH4 are 
present in the pyrolysis gas. Due to interference with other components it is not 
possible to say if CH20, H20 2 and 802 are present. No NH3 and HCN is visible 
and NO, N02, H28 and S02 are not identifiable. 
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Appendix B 

FTIR settings 

The influence of the resolution, the opd (optical path difference) velocity and the 
gain (detector amplification) on a background spectrum will be discussed. For each 
setting two or three spectra are taken with a different setting. All other settings will 
remain the same. The standard FTIR settings are: 

opd velocity 
resolution 
spectral range 
number of scans 
gain 
apodization 

resolution 

0.5 [cms- 1] 

0.5 [cm- 1] 

1200-5ooo[cm-1 J 
16 H 
8 H 
boxcar 

In figure B.r three spectra of air are taken with a resolution of 0.2, rand 2 cm- 1 

respectively. The resolution is measure on how wel a spectrum can distinguish be
tween features. A spectrum taken with a resolution of 0.2 cm-1 thus has a higher 
resolution compared to one taken with r cm-1 . The resolution, among others, is 
determined by the J•stop aperture. A smaller aperture opening increases the res
olution and thus reduces the amount of light striking the detector. This can be 
seen in figure B.r. A ten times higher resolution, from 2 to 0.2 cm-1, reduces the 
transmission by a factor ten. 

Opd velocity 

In figure B.r three spectra of air are taken with an opd velocity of 0.2, r and 2 cm/s 
respectively. The opd velocity is twice the mirror velocity in the FTIR. Increasing the 
opd velocity reduces the measuring time. Increasing the opd velocity also reduces 
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Figure B.1: Spectra of air taken with a resolution of 0.2, l and 2 cm-1 [17]. 
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Figure B.2: Spectra of air taken with 0.2, l and 2 cm/s opd velocity [17]. 

the amount oflight striking the detector. This is visible in figure B.2. When increas
ing the opd velocity the frequency at which data strikes the detector increases. The 
maximum measuring frequency 

f = 2 * opdv * Vm a :z: (B .I) 
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on a spectral range is determined by the opd velocity and the highest wave number 
that needs to be taken into account llmax • The measuring frequency with an opd 
velocity of 2 cm/sin this spectral range is too high for the detector resulting in a 
higher noise level throughout the spectrum. 

Gain 

In figure B.3 two spectra of air are taken with a gain of 2 and 4 respectively. The gain 

1500 2000 2500 3000 3500 4000 4500 5000 
wave number [cm-1} 

Figure B.3: Spectra of air taken with gain 2 an 8 [17]. 

amplifies the detector signal. A higher gain therefore increases the transmission 
level including the noise. 



Appendix C 

Sigaret set-up 

In figure C.1(a) a temperature measurement on tobacco in the sigaret set-up is 
shown [18]. 

900 

800 

700 
,, / J 

I 1-/ 
600 

-500 u 
i=' ◄oo 

300 ij 200 

100 I, I \ 

100 200 300 400 500 600 
t(MC) 

(a) Temperature measurement on tobacco in 
the sigaret set-up (18] 
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(b) Heating rate for T3 figure C.1(a) !18] 

Figure C.1: Temperature measurements (a) and the heating rate (b) during experi
ments on the sigaret set-up [18] 

Figure C.1(a) shows that the biomass does not heat up until the reaction front 
reaches the biomass. In figure C.1(b) the biomass heating rate is determined for 
thermocouple T3 (fig.C.1(a)). When the reaction front approaches the heating rate 
can be as high as 2000 °C/min. It takes approximately 120 seconds for the reaction 
front to pass. 
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AppendixD 

Chemical analysis for bark 

Figure D .1 shows a chemical analysis of the bark used for pyrolysis. The chemical 
analysis is summarised in figure D.2. 
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Appendix E 

TGA experiments for hark 

Tga experiments for bark are performed. Figure E.1 shows the temperature profile 
at which the bark is heated. 
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Figure E.1: Temperature profile during tga experiments on bark [18). 

Figure E.2 shows the sample mass during the experiment. 
Figure E.3 shows the mass loss rate during the experiment. 
Both figures E.2 and E-3 show resemblance with figure 2.1 in chapter 2. First the 
water in the biomass sample evaporates which can be seen by the first peak in 
figure E.3. Due to the drying the mass of the samples decreases steadily (fig. E.2). 
During volatilisation of hemicellulose and cellulose the mass loss rate increases 
visible as the second peak in figure E-3- The sample mass decreases rapidly during 
volitalisation ofhemicellulose and cellulose (fig. E.2). Finally volitalisation oflignin 
takes place showing a small mass loss rate and a gradually decreasing sample mass. 
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Figure E.2: Mass loss of bark during tga experiments (18). 
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Figure E.3: Mass loss rate during tga experiments (18). 


