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Abstract 
The research institute ETC in Piteå is working with energy technical research and development. 

Today, much work revolves around research about renewable sources for fuel. In one project, 

biomass such as wood pellet is heated up while producing synthesis gas. The synthesis gas is then 

analyzed using three different GC techniques. ETC wanted to be able to make all their analysis on one 

instrument and with a faster speed. They contacted the company Rowaco in Linköping for help with 

developing a method on FTIR for analysis of the synthesis gas and that has been the aim for this 

thesis. A method has been developed for analysis of water, carbon monoxide, carbon dioxide and 

methane. The results from this thesis show that the concentrations of the molecules in the synthesis 

gas are outside the calibration curved that has been made and that the high concentrations give 

much interference to other molecules. The thesis also shows that many areas in the spectrum from 

the process are roof absorbers and there is also a contamination of water and carbon dioxide in the 

system. Suggested improvements are to find the source for the contamination, to develop calibration 

points with higher concentrations, to reduce the length of the gas cell and to dilute the gas before 

entering the FTIR.   
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1. Introduction 
The research institute Energy Technology Center (ETC) in Piteå, Sweden, is working with energy 
technical research and development. Today, much work revolves around research about renewable 
sources for fuel in vehicles as a replacement for fossil fuels. This particular project is carried out with 
a gasifier in which biomass such as wood pellet made from e.g. pine and spruce first are milled and 
then fed to a ceramic reactor chamber that has been heated up to about 1100 – 1300 °C. The 
gasifier then produces so called synthesis gas which consists mostly of carbon dioxide, carbon 
monoxide, water and methane. This synthesis gas product is highly suitable for making renewable 
synthetic fuels and chemicals. In the experiments made by the research institute ETC, different 
parameters are changed in order to determine how the process is affected by different conditions. 
For instance, the oxygen content in the gasifier is changed under monitoring conditions. Different 
types of fuels are also tested as well as different particle sizes on the fuel, to mention a few of the 
parameters tested. (Weiland, Fredrik, 2013) 
 
The gas product is then analyzed on the instruments micro gas chromatograph thermal conductivity 
detector (microGC-TCD), gas chromatograph thermal conductivity detector (GC-TCD) and gas 
chromatograph flame ionization detector (GC-FID). These instruments however cannot take water in 
to account since the gas reaching the GC:s must be water free in order to not damage the column. 
Today, ETC therefore uses the instrument Fourier transform infrared radiation spectroscopy, FTIR, to 
calculate the concentration of water in the synthesis gas. Since the FTIR has a much shorter analysis 
time than the GC instruments, it was in the research institutes interest to recombine these three 
analysis methods into one. Since the FTIR had the capability to analyze the same compounds that the 
GC instruments could, and more, they wanted to develop an analysis method for FTIR.  
 
The research institute ETC contacted Rowaco in Linköping, Sweden, for assistance with the 
development of a method for FTIR. Rowaco is a company that conducts both development and 
research in various different fields such as gas analysis, surface analysis, process engineering and 
vacuum technology. Rowaco saw the opportunity to give this assignment to a university student as a 
thesis project. 
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2. Background 
 

2.1. Light facts 
 
Some fundamental facts that are assumed in this thesis are described below. 
 
Light can be expressed both as a wave function i.e. electromagnetic radiation, and as a particle. 
When expressed as a wave, the same fundamentals apply as for any other wave function, e.g.  water 
waves and sound waves. The wavelength,  , is the distance between two peaks or two valleys of the 
light wave. The amplitude,  , is the height of a peak measured from the center line of the light wave 
to the top of a peak. The frequency,  , is the number of wave lengths per time unit. A period,  , is 
the amount of time it takes for the light to do a turn. (See figure 1.) The speed of light is 2.998x108 
m/s. (Atkins, Peter & De Paula, Julio, 2010)  
 
 
 
 
 
 
 
 
 
Figure 1 – A light wave 
This figure displays a light wave and how the relations are to the amplitude, wavelength and period. 
 
 
Infrared radiation, IR, is light with longer wavelength than the visible light. Infrared radiation can be 
divided into three wavelength regions1: 

 Near-infrared (NIR: 750-2500 nm or 13 333-4000 cm-1) 

 Mid-infrared (MIR: 2500-25 000 nm or 4000-400 cm-1) 

 Far-infrared (FIR: 25-1000 µm or 400-10 cm-1) 
(Sun, Da-Wen, 2009) 
 

2.2. Molecular aspects 
A molecule never rests. The atoms in the molecule are always in motion. This means that the bonds 
between the atoms are also changing at all times. The bonds are bending, stretching and oscillating. 
(McMurry, John., 2011) (Rayner-Canham, Geoff & Overton, Tina, 2010) Due to this, the bond lengths 
and bond angles are constantly getting greater and smaller. (Rayner-Canham, Geoff & Overton, Tina, 
2010) These types of movement are often spoken of in terms of vibrations. (See figure 2 and 3.) A 
molecule has only a specific amount of vibration modes that are possible, due to the number of 
atoms and the molecules’ shape. If a molecule contains N atoms and has a linear shape, the molecule 

has    –     different vibration modes that are possible. If the molecule instead was nonlinear, the 

possible vibration modes would be    –   . (Rayner-Canham, Geoff & Overton, Tina, 2010) 
 
 
 
 

                                                 
1
 Note that these numbers can be slightly different in different sources.  

Period 
Wavelength 

Amplitude 
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Figure 2 – The stretching vibration mode 
If there are two atoms connected by a bond, these two atoms can vibrate away from each other and 
then towards each other as if they had a spring attached between them. This is called a stretching 
vibration. (Fryhle, Craig B. & Solomons, T.W. Graham, 2011) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 – Different vibration modes 
The figure displays some of the simplest vibration modes that are possible for molecules. Here, it has 
been assumed that the center of mass in the observed molecule is standing still. The center of mass is 
the averages position of a molecule’s all ingoing atoms’ positions.  
It is important to understand that more complex molecules have various combinations of these simple 
modes. The symmetric vibration mode occurs when two neighbor atoms are stretching away from a 
third atom simultaneously. The asymmetric vibration mode is when the two neighboring atoms 
mentioned before are stretching away from the third atom asymmetrically. When instead two 
neighbor atoms bend towards each other in the plane simultaneously, like a scissor, it is called the 
scissoring vibration mode. The rocking vibration mode occurs when the two atoms are bending 
towards each other in the plane asymmetrically. When two atoms instead are bending 
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vibration 
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simultaneously towards each other out of the plane, it is called the wagging vibration mode. If this 
wagging was to occur asymmetrically, it would instead be called the twisting vibration mode. (Fryhle, 
Craig B. & Solomons, T.W. Graham, 2011) 
 
 
As was explained earlier, the vibration modes that are possible are depending on the molecules’ 
shape and number of atoms. For example, the water molecule is a non linear molecule containing 
three atoms. This means that it has           possible vibration modes. These are the 
symmetric, the asymmetric and the scissoring vibration mode. Carbon monoxide, that is a linear 
molecule containing two atoms, has           possible vibration modes. Due to that there are 
only two atoms in the molecule and due to its linear shape; the only vibration mode possible is the 
stretching vibration mode. Therefore, since the vibration modes are specific for each different 
molecule, they can be used to identifying which molecules an unidentified sample contains of. The 
way of doing this is to excite the vibration energies in the molecules and then calculate the energy 
released when the vibration regains its original energy again. The excitation can be done with either 
Raman or IR spectroscopy using photons of the same energy as the energies in the molecular 
vibrations.2 (Rayner-Canham, Geoff & Overton, Tina, 2010)  
 
When a substance is exposed to infrared radiation, the energy from the radiation is selectively 
absorbed by the molecules in the substance. However, the absorption only occurs if the energy of 
the radiation corresponds to the energy of the vibrations in the molecules. In addition, the molecules 
must be so called IR active to be able to absorb the energy from the radiation. IR active means that 
the vibration bonds are polar covalent bonds and that they can have a change in dipole moment. The 
molecular vibrations in the substance that fulfill these requirements will most likely absorb the 
energy from the radiation, yielding the amplitude for that particular vibration to increase. Increased 
amplitude would make the stretching and bending of the molecule to become greater and more 
extended. Contrarily, molecules that are not IR active cannot absorb the radiation energy even if it 
corresponds with the energy of the molecules vibrations. Hydrogen gas and nitrogen gas are two 
examples of non IR active molecules since there is not any dipole moment in the molecules due to 
the same electro negativity in the constituent atoms. Due to the fact that the energy of the light that 
is absorbed by a molecule corresponds to the specific energy for the molecule, it is possible to find 
out what kind of specific vibration pattern the molecule has by measuring its IR spectrum, and 
thereby determine the identity of an unknown molecule. (McMurry, John., 2011) (Atkins, Peter & De 
Paula, Julio, 2010) 
 
What ultimately determines if a molecule can have a change in dipole moment and thereby also if a 
molecule is so called IR active, i.e. if the molecules’ vibrations can absorb IR radiation, is that specific 
molecules’ symmetry and included atoms. (McMurry, John., 2011) Every molecule has, as said, a 
unique vibrational pattern and that is generated by the specific symmetry of the molecule. The 
symmetry of the molecule then depends on a set of so called symmetry operations. There are six 
different operations but they all have in common that after the operation has been carried out, the 
conformation of the molecule is close to identical to the original conformation and it is hard to tell 
which one is which. For more information on the molecular symmetry operations, see Appendix A. 
(Rayner-Canham, Geoff & Overton, Tina, 2010)  
 
All molecules can only possess specific combinations of these symmetry operations. The 
combinations are called point groups. (Rayner-Canham, Geoff & Overton, Tina, 2010) When all 
symmetry operations of a molecule are known, the point group of the molecule can be established 
from a simple flowchart. (Atkins, Peter & De Paula, Julio, 2010) The point group then gives 

                                                 
2
 Raman spectroscopy is an alternative to IR spectroscopy. For more information, see Atkins, Peter & De Paula, 

Julio (2010). Atkin’s Physical Chemistry. 9th edition. USA: W.H. Freeman and Company. 
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information about which vibration modes that are possible for the molecule currently observed. 
Since the symmetry of a molecule is so intimate associated to the vibrations, it is often quite clear 
that if one is known the other can be deduced. By using IR spectroscopy, the molecules vibration 
pattern can be established and the molecules identity determined.  

 

2.3. Fourier transform 
 
The signal that reaches the detector in the instrument is displayed as an interferogram with the 
intensity of the signal as a function of the moving mirrors discrete position at a given time. (See 
figure 4.) The moving mirrors position depends on the time that passes. Knowing this, the intensity of 
the signal can be interpreted as a function of time. This is where the Fourier transform comes to 
action. The Fourier transform is a mathematical operation where a function of time      is 
transformed into a function of frequency     . (Jogréus, Claes & Lennerstad, Håkan, 2002) 
(Kauppinen, Jyrki & Partanen, Jari, 2001) (Gauglitz, Günter & Vo-Dinh, Tuan, 2003) 
 
The definition of the Fourier transform is as follows: 
 

                 
 

  
     (Formula 1) 

 
where   = frequency,   = the movement of the mobile mirror expressed in time and   indicates the 
imaginary domain. The frequency can be expressed as      . Since   is the speed of light that’s 
already been defined as a constant, the variable in this expression is    . This means that the Fourier 
transform could be written as follows: 
 

                 
 

 
   

  
    (Formula 2) 

 
The variable     , also known as the spectroscopic wavenumber, will be displayed on the x-axis of 
the graphical chart after Fourier transform has been made on the initial function of time, still with 
intensity of the signal on the y-axis. See figure 4. (Kauppinen, Jyrki & Partanen, Jari, 2001) 

2.4. Further calculations 
The FTIR- instrument measures the absorbance of the sample as will be explained later in chapter 
2.6. about the measurement principle. After Fourier transforming has been made on the outgoing 
signal from the detector, a chart with signal intensity as a function of wavenumber is displayed, 
called a transmission spectrum. This spectrum is then inverted to an absorbance spectrum with 
absorbance A as a function of wavenumber. See figure 4.  
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Figure 4 – The transition between the signal charts 
Flowchart that displays how the interferogram is Fourier transformed into a transmission spectrum 
with intensity as a function of wavenumber. The transmission spectrum shows the outgoing light 
from the IR radiation source and the light that has been absorbed on the way towards the detector as 
missing parts of the elevation. The flowchart then shows how the transmission spectrum is inverted to 
become an absorbance spectrum where absorbance is a function of wavenumber. The absorbance 
spectrum displays the areas of light that in the transmission spectrum were the missing parts of the 
elevation.   
 
 
The goal with measurements taken with an FTIR-instrument is not only to make a qualitative analysis 
but also a quantitative analysis of the sample. For this to be possible, the software calculates the area 
under the chosen peaks of a specific substances spectrum and traces that area in a calibration curve 
where concentration is given on the y-axis. The calibration chart is developed from results given by 
analysis made on substances with known concentration. Read more about this in chapter 3.1. about 
how a method of the FTIR is built. The higher the absorbance, the higher concentration of that 
specific substance is in the sample (Jogréus, Claes & Lennerstad, Håkan, 2002). The principle for this 
calculation is Beer-Lambert law in logarithmic form. It is expressed as following: 
 

Time 

Intensity 

Wavenumber 

Intensity 

Wavenumber 

Absorbance 

Fourier transform 

Inversion 

Interferogram 

Absorbance spectrum 
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        (Formula 3) 

 
where    = the intensity measured without a sample in place i.e. just nitrogen gas flowing (also called 
background),   = the intensity measured with a sample in place,    the absorption cross section 
which is a measurement of how well a substance appears in an absorption chart,    the path length 
through which the emitted light travels, and    the density of the absorbed molecule expressed in 
amount per volume. The result of this formula is a chart with absorbance on the y-axis as a function 
of wavenumber.   

2.5. History 
The most central part of a Fourier transform infrared spectrometer is the Michelson interferometer. 
This setup of mirrors and a beam splitter was invented by Albert A. Michelson in 1881. (Sun, Da-Wen, 
2009) (Nobel Lectures Physics,1967) 
 
He designed the interferometer with the purpose to measure the wavelength of light. The 
interferometer succeeded with his hopes and the determination of the wavelength of light resulted 
1907 in the Nobel Prize in Physics. (Sun, Da-Wen, 2009) 
 
Lord Rayleigh, real name John William Strutt and also Nobel Prize laureate 1904, worked with 
interferometers in the same time period as Michelson. He suggested that if the interferogram 
produced by the interferometer became subject of Fourier transformation, the chart might be turned 
into a spectrum. Lord Rayleigh tested his theory in 1892 and it succeeded. (Sun, Da-Wen, 2009) 
 
The instrument was improved in the 1960s with sampling techniques, addition of the helium-neon 
laser, better detectors and the addition of a converter that made the analog signal digitized. (Sun, 
Da-Wen, 2009) Before the helium-neon laser, a sodium lamp was used. However, the lamp was 
replaced with the helium-neon laser because it was cheaper and easier to use. (Llewellyn, Ralph A. & 
Tipler, Paul A., 2003) In 1965 James Cooley and John Tukey developed Fast Fourier transformation 
that resulted in significantly improved resolution and shorter analysis time. In 1969 the FTIR became 
commercially available and today the technique is seen as one of the most vigorous for chemical 
analysis since it is rapid, sensitive and has many areas of application. (Sun, Da-Wen, 2009) 
 
Michelson also used his interferometer to take measurements of the star Betelgeuse’s diameter, 
which were the first ever size determination of a star. This was in 1920 and the original 
interferometer had by then undergone significant improvements and was highly developed. (Nobel 
Lectures Physics, 1967) 
 
In 1887, Michelson together with Edward Morley conducted an experiment to discover the relative 
motion of substances moving through the so called luminiferous aether. Luminiferous aether was in 
that time an assumed medium that was necessary for the movement of light. The experiment 
however failed, though setting the ground of today’s special relatively theory. (Llewellyn, Ralph A. & 
Tipler, Paul A., 2003) 

2.6. Measurement principle 
An IR radiation source sends out a broadband beam of light. (Fryhle, Craig B. & Solomons, T.W. 
Graham, 2011) This beam is directed to a Michelson interferometer (see figure 5) which contains two 
flat mirrors and a beam splitter. One of the two mirrors is stationary and the other is movable. 
(Kauppinen, Jyrki & Partanen, Jari, 2001) (Gauglitz, Günter & Vo-Dinh, Tuan, 2003) 
 
It is essential to have knowledge of the mobile mirror’s position at any given time. It is also very 
important that the movement between every measurement is equally large and known. It can also 
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not be rotated or turned even the slightest since it is crucial that the mirror stay in the same plane at 
all time for the measurements to be as exact as possible. (Skoog, Douglas A., Holler, F. James, 
Nieman, Timothy A., 1998) 
 

 
Figure 5 – Instrumental setup of a single beam FTIR 
The beam from the IR radiation source travels through the Michelson interferometer which is a setup 
of two mirrors and a beam splitter. Afterwards, the light shines at the sample and the amount of light 
that did not get absorbed by the sample reaches the detector that shows the results as an 
interferogram. With help of Fourier transform this interferogram can be converted into a spectrum. A 
helium/neon laser is used for wavelength calibration. (Fryhle, Craig B. & Solomons, T.W. Graham, 
2011) (Gauglitz, Günter & Vo-Dinh, Tuan, 2003) 
 
 
The beam splitter is located between the two mirrors. It is made of transparent materials whose 
reflective index ideally makes 50 % of the ingoing light reflect towards the stationary mirror and the 
other 50 % transmit towards the movable mirror, i.e. dividing the IR-radiation into two portions of 
light with same intensity. (Skoog, Douglas A., Holler, F. James, Nieman, Timothy A., 1998) (Atkins, 
Peter & De Paula, Julio, 2010) (Kauppinen, Jyrki & Partanen, Jari, 2001) (Gauglitz, Günter & Vo-Dinh, 
Tuan, 2003) The transparent materials of the beam splitter depend on which region of the infrared 
radiation range that is interesting. (Skoog, Douglas A., Holler, F. James, Nieman, Timothy A., 1998) It 
is important that the material used absorbes as little light as possible in the range that is used.  
(Gauglitz, Günter & Vo-Dinh, Tuan, 2003) 
 
When the reflected and transmitted light has reached the mirrors it is reflected back towards the 
beam splitter separating the light again by transmitting 50 % and reflecting 50 %. This makes half of 
the light reflected by the mobile mirror and half of the light reflected by the stationary mirror to be 
diverted towards the sample, creating interference (see figure 6) on the way. See figure 7 for more 
details. (Atkins, Peter & De Paula, Julio, 2010) (Gauglitz, Günter & Vo-Dinh, Tuan, 2003) 
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Figure 6 – Interference 
Interference can occur when two waves interact. Constructive interference occurs when the two 
waves are in phase and destructive interference when the waves are completely out of phase. 
Constructive interference results in a greater amplitude of the vibration while destructive interference 
causes the two waves to cancel each other out. For the two waves to totally cancel each other out, 
they need to oscillate at a distance of λ/2 from each other. Interference is also possible when two 
waves are partially out of phase.  
 
As the mobile mirror moves, the pathlenght for the two separated light parts differ, making 
constructive and destructive interference alternate as the parts recombine. (Gauglitz, Günter & Vo-
Dinh, Tuan, 2003) 
 

 
Figure 7 – The light waves path through the Michelson interferometer 
The figure displays how the light wave travels through the Michelson interferometer and that 
interference occur when the waves reflected by the stationary and mobile mirror recombine before 
they reach the sample.  
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The sample then absorbs some of the light depending on the contents of the sample, and the 
reminder reaches the detector. In the detector the light that was not absorbed by the sample is 
recorded as a chart with the mirror position in centimeters on the x-axis and signal intensity in an 
arbitrary unit on the y-axis. This type of chart is called an interferogram. This interferogram is then 
converted to a transmission spectrum with the help of applying the mathematical operation Fourier 
transform. (Fryhle, Craig B. & Solomons, T.W. Graham, 2011) See more information in chapter 2.3. 
about Fourier transform. 
 
In the instrument there is also a helium/neon laser that is used to trigger when sampling of the 
interferogram should take place. The laser is a single-mode laser with the wavelength, 633 nm, and 
one wavenumber of 15798 cm-1. (MKS Instruments, 2011) (Gauglitz, Günter & Vo-Dinh, Tuan, 2003) 
The laser signal moves through the Michelson interferometer in the same way as the infrared 
radiation does; 50 % of the wave reflected by the stationary mirror interference with 50 % of the 
wave reflected by the mobile mirror on the way towards the detector. Depending on the mobile 
mirrors position, the interference is constructive, destructive, or something in between. When it is 
constructive, a signal appears, trigging the sampling of the interferogram. (Skoog, Douglas A., Holler, 
F. James, Nieman, Timothy A., 1998) (Gauglitz, Günter & Vo-Dinh, Tuan, 2003) Thanks to the laser, 
the sampling of the interferogram occurs regularly and the laser’s cosine curve makes the spaces 
between the samplings equally big. This gives an opportunity to control how much the mobile mirror 
has been moved between every sampling, which is important for the measurements to be correct. 
(Skoog, Douglas A., Holler, F. James, Nieman, Timothy A., 1998) 

2.7. Advantages 
Water samples are sometimes damaging for some chemical analysis instruments, a gas 
chromatograph for example would be severely damaged if water reached the column, making the 
analysis more difficult. The FTIR instrument, however, have no problems with analyzing water and 
samples containing significant amounts of water.  
 
Since a molecules IR spectrum is directly related to the chemical bonds in the molecule, the peaks 
displayed in the molecules IR spectrum can be considered a IR fingerprint for the molecule. (Fryhle, 
Craig B. & Solomons, T.W. Graham, 2011) 
 
Compared to dispersive techniques that take information from narrow frequency ranges directly, 
FTIR can take information from the entire spectrum at that same time and sort the different 
frequency ranges out afterwards. Since dispersive techniques need to decrease the amount of light 
inserted to be able to measure these narrow frequency ranges, the signal-to-noise ratio is reduced. 
The FTIR that does not have to make any changes in the amount of light inserted, therefore receive a 
greater signal-to-noise ratio than the dispersive techniques. As high signal-to-noise ratio as possible 
is always requested for best resolution. (Harris, Daniel C., 2010) 

2.8. Restraints 
A molecule without a dipole moment cannot optically excitate a vibration and is therefore not IR 
active, hence, it cannot be analyzed using an FTIR instrument. (McMurry, John., 2011) (Atkins, Peter 
& De Paula, Julio, 2010) 
 
Generally for gas analysis, it is difficult to be sure that the sample being analyzed is a truly 
representative of the original sample. (Gauglitz, Günter & Vo-Dinh, Tuan, 2003) 
 
Even though it is possible to analyze samples containing water on the FTIR, it can be difficult to 
measure the other ingoing substances since water have strong absorptions of IR radiation in most 
parts of the IR regions analyzed. (Rayner-Canham, Geoff & Overton, Tina, 2010)  
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3. Experimental 

3.1. Building a method on FTIR 
A method on the FTIR instrument consists of several calibration curves with absorption intensities for 
different concentrations, one for each of the ingoing components that will be analyzed. The 
calibration curves are made from data collected when gases with known concentrations were run on 
the instrument. There are two ways to receive this data; either the person making the method 
conducts the analysis on the gases with known concentrations oneself, or the data can be provided 
from someone that has already made the analyses, e.g. from the supplier of the instrument. If the 
analysis are to be made from scratch, one need to be extra careful if the substances are gaseous 
since they are volatile and can therefore be very dangerous. With gases it is also important to control 
the volume of the container so the concentration does not change as the gas is used. The gases with 
known concentrations are introduced to the instrument, and its IR spectrum is collected. The 
samples should ideally contain only the desired substance and be diluted with a non IR active 
substance like nitrogen gas. Known information about the gas is then filled in, including the name of 
the substance, the optical pathlength in meters, the temperature in Celcius, the pressure in 
atmospheres and the concentration in ppm or percentage. This working procedure is then repeated 
for every one of the gas samples with known concentration. Every concentration represents one 
point on the upcoming calibration curve.  
 
When all samples with known concentrations have been analyzed and their information recorded, 
they are used to make the calibration curve. First, all calibration points are loaded to the calibration 
editor in the software of the instrument [called Create Gas Calibration editor in the MKS Type 
MG2000™ Software]. Due to the recorded information about the concentration, they are placed in 
an increasing order. Next step is to make a marking of all the regions in the substance’s IR spectrum 
where it shows [called Edit Regions in the MKS Type MG2000™ Software]. See figure 8. It is 
important to mark every region even if they are very small. An indication whether it is a peak or just 
some background noise is often that the suspected peak should be a bit over 0.005 arbitrary 
absorption units higher than the signal to noise. The regions marked are used by the software to 
recognize which substance that is emitting energy at every specific frequency. After all regions have 
been marked, one of these regions, or a minor part of one of them, will be chosen as the analysis 
band. See figure 9. This band is the region that the software exclusively will use for quantification. 
Here, it is important to make sure that the analysis band does not overlap with the analysis band 
from another substance. That would cause major perplexity for the software.  
 
Spectrum from all the other substances that will be analyzed in the method, and also some other 
substances optionally, are loaded to the software and shown as interferences [this is done under Edit 
Analysis Band in the MKS Type MG2000™ Software].  The interferences shown in the analysis band 
are going to affect the concentration measurements if they are not excluded from this region, since 
the software uses the area under the peaks in the analysis band to measure the concentration [this is 
called Windowing or picket fencing in the MKS Type MG2000™ Software]. See figure 10. That means 
that all the interference peaks are marked separately and excluded [this is done using the Don’t 
Quant This Region-button in the MKS Type MG2000™ Software]. At this stage, it is also important to 
exclude regions where the absorbance hits the roof. To establish which regions that have a too great 
absorbance, the viewing and manipulation program is used [called VISTA in the MKS Type MG2000™ 
Software]. Here, a sample spectrum, collected from the actual process for which the method is going 
to be used, is opened as an interferogram. The interferogram is then converted by Fourier transform 
to a spectrum and the absorption levels are examined based on the following derivation: 
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     (Formula 4) 

 
 

  
           (Formula 5) 

   
  

   
      (Formula 6) 

 
Absorbance at A=1 corresponds to 90 % of the ingoing light to the sample being absorbed and A=2 
corresponding to 99 % absorbed light. Knowing this, it becomes visible that absorbance far higher 
than A=2 has hit the roof due to extremely high concentrations. This implies that regions in the 
process spectrum where absorbance has hit the roof must be excluded from the analysis band where 
the quantification occurs, since the area underneath is not reliable due to extremely high 
concentrations. After recording where potential regions with too great absorbance are, they are 
excluded with picket fencing in the quant region. When all interferences and roof absorption regions 
have been excluded from the analysis band and saved, it is time to choose what interpolation that is 
best for the calibration curve. See figure 11.  The options at hand are first, second, third and fourth 
degree interpolation, and the so called spline. The spline interpolation is an interpolation that has 
different functions piecewise through the curve. An indication for choosing interpolation is to never 
choose the same or higher degree of the interpolation compared to the number of calibration points. 
Remember here to make sure that the interpolation is forced through origin [by marking the Force 
Through Zero box in the MKS Type MG2000™ Software]. This function will give an extra calibration 
point at origin. If the fitting of the curve indicated that one or several calibration point are misfit to 
the curve and does not appear to belong, the point or points can be excluded from the calibration 
curve. Note that too many points should not have to be excluded. If it appears to be so, the analysis 
of the calibration gases maybe need to be retaken, a new analysis band can be chosen, another 
interpolation type can be chosen, or the exclusion of regions need to be remade.  
 
 

 
Figure 8 – Regions 
The regions where the substance is appearing in the IR spectrum are being marked. The substance 
chosen in this example is carbon dioxide.  
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Figure 9 – The analysis band 
This figure shows the region chosen as the analysis band and therefore also the region where the 
concentration will be measured. The red is the interference from other substances. Note that the 
analysis band chosen has a minimum of interference.  
 
 

 
Figure 10 – Excluding regions 
Exclude all interference peaks in the analysis band so the quantification will not be affected by other 
substances.  
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Figure 11 - Interpolation 
In the upper left corner of the figure, the analysis band is displayed. Note that the regions excluded 
with picket fencing do not show. In the upper right corner of the figure, the calibration curve is 
displayed. The interpolation quartic, i.e. fourth degree polynomial, has been chosen because here the 
maximum residual is as low as possible. The correlated coefficient R is also sufficient.  
 
 
There are especially two indicators that can be controlled while the calibration curve is developed. 
One of those is the correlation coefficient R that is a coefficient that interprets how well the curve is 
fitted to the calibration points, i.e. how small the differences are between the predicted 
concentrations and the actual ones. The actual concentrations have been corrected to have the same 
temperature and pressure as the spectrum marked in the calibration editor. If the temperature and 
pressure for all calibration points are identical, the actual concentration values will be the same as 
the concentrations recorded when the calibration gases were analyzed. The predicted concentrations 
are the concentrations calculated from the interpolation. Here, the highlighted spectrum is used as 
the calibration spectrum.   
 
The value of the correlation coefficient R should be as high as possible which means as close to 1 as 
possible. The coefficient is calculated as follows: 
 

     
   

        
   (Formula 7) 

 

where      mean square error  
 

 
        

 
  

 
and     predicted concentration,     actual concentration,             ,    standard 
derivation of “actual concentrations”    array,    number of calibration points. (MKS Instruments, 
Inc., 2006) 
 
Another indicator to watch is the maximum residual. This value should be as low as possible. An 
indication to follow is that the maximum residual should at least be under 2. The calculation of the 
residual is as follows: 
 

         
                

      
      (Formula 8) 

 
The calculation of this value is different depending on if the interpolation is polynomial or spline. For 
polynomial interpolation, all data points are used, however for spline interpolation, the point that is 
to be predicted is removed from the spline points and then the concentration is predicted. Since the 
residual for polynomial interpolations are the same regardless to which point is being predicted, and 
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since the residual for the spline interpolation is different for every point being predicted, the 
maximum residual for the spline interpolation is a somewhat worst-case value.  
(MKS Instruments, Inc., 2006) 
 
When the interpolations are changed, in order to find the one that suits the calibration best, both 
the correlation coefficient R and the maximum residual value is changed. An indication here is to 
always aim for a low maximum residual value as possible. It can also be selected that the 
interpolation should minimize the percentage residuals, i.e. the sum of the squares of the % residuals 
[by marking the Min % Residuals box in the MKS Type MG2000™ Software]. If this is not done, the 
residuals are calculated from the absolute residuals, i.e. the sum of the squares of the residuals. 
(MKS Instruments, Inc., 2006) 
 

3.2. Verification of the method  
The method may be verified in a few different ways. One is to analyze gas cylinders with known 
concentrations with the recently built method on the FTIR instrument. The results from the FTIR are 
then compared to the concentrations of the gas cylinders. It may be an advantage if the gas cylinders 
contain more than one gas since that is more accurate to how coming samples will be like. The 
inaccuracy of the concentration in the gas cylinders needs to be taken into account. Another way to 
verify the method is by taking measurements from a process with at least one other instrument than 
the FTIR and then compare the results from the both instruments. Here, it is very important that the 
instruments analyze gas from the same location in the instrumental process flow. If the instrument 
compared with the FTIR cannot analyze water which the FTIR can, this also need to be taken into 
account before the results are compared. An example of such an instrument is a GC. In that case, the 
water concentration should be established first giving a percentage of how much the rest of the gas 
mixture there is in the sample. This percentage, written as                          will then 
function as a factor that will be multiplied to the concentration from the other instrument so that the 
product than can be compared against the results from the FTIR. It is also possible to compare the 
results the other way around. In that case, the following formula gives a value in a dry gas i.e. 
without water, and then it is possible to compare the results from the FTIR with the results from the 
GC. 

 
               

   
      
   

 
            (Formula 9) 

 
Before analysis on the FTIR is carried out, it is important to clean the instrument from potential 
residues from earlier analysis by blowing nitrogen gas through the system. The longer the cleaning, 
the better is the chance that the instrument is cleared from all potential residues. There is also a way 
to examine how clean the instrument is. By opening the igram or sbeam file of the background taken 
just before the analysis in the viewing and manipulation program VISTA, and then converting the 
interferogram to a transmission spectrum using Fourier transform, it can easily be established if the 
background contains any contaminations. If the background spectrum is a smooth elevation without 
any parts missing, the background and therefore also the instrument is completely clean. If, however, 
the spectrum shows an elevation were several parts are missing, it means that there is some kind of 
substance in the instrument that absorbs radiation at the wavenumber ranges where the elevation 
misses parts. To establish which substances that might cause this contamination, one can check for 
substances most likely to absorb radiation in the range of interest. If a suspected substance does give 
rise to the contamination, one can simply open one of the calibration spectrum for that substance. 
By overlapping the two spectra of the background and the suspected substance, it will be easily 
displayed if the suspicious substance in deed is the reason to the contamination in the system.    
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The data used in the comparison with the concentrations written on the cylinders should be taken 
within a time range where the analysis temperature and pressure is stable. If the gas is coming from 
a process, like when comparison is made with another instrument, the process temperature and 
pressure need to be stable in the area where the data is taken.  

4. Results 
 
The method has been made from four substances; methane (CH4), carbon monoxide (CO), carbon 
dioxide (CO2) and water (H2O). The settings for the separate calibration curves are displayed in table 
1. The accuracy for the calibration points used in these calibrations is ±5 %. 
 

Substance 

Wave 
number 

range 
(cm-1) 

Range of 
the 

calibration 
curve 

(ppm or 
%) 

Interpolation 
Picket 
fence 

(Yes/No) 

Min % 
Resid  

(Yes/No) 

Corr. 
Coeff. R 

Max Resid 
% 

CH4 1219-
1224 

20.04-
3143 ppm 

Quartic Yes Yes 0.9991132 1.38297301 

CO 1974-
2009 

0.100-
7.990 % 

Quartic Yes Yes 0.9999965 0.97021969 

CO2 979-986 0.396-
23.010 % 

Cubic Yes Yes 0.9999883 1.32018037 

H2O 3397-
3402 

2.030-
20.570 % 

Cubic No No 0.9999758 1.02160940 

Tabel 1 - Settings for the method  
In this table, all settings for each of the methods ingoing substances are presented. The method 
contains of CH4, CO, CO2 and H2O.  
 
In order to examine the competence of this method, a set of three calibration gas cylinders that all 
contained different concentrations of CH4, CO and CO2 were analyzed. The results are displayed in 
figure 12 to 15 as three charts with concentration as a function of time. The standard derivation has 
also been calculated respectively and inserted as two values of average ± standard derivation.  
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Figure 12a – Calibration gas cylinder 3 
Conc. CH4 according to cylinder = 0.5 % 
Average conc. on FTIR = 0.497 % 
Standard derivation on FTIR = 0.0028 % 
 
 

 

Figure 12b – Calibration gas cylinder 3 
Conc. CO according to cylinder = 6.5 % 
Average conc. on FTIR = 6.498 % 
Standard derivation on FTIR = 0.023 % 
 
 

 

Figure 12c – Calibration gas cylinder 3 
Conc. CO2 according to cylinder = 3.5 % 
Average conc. on FTIR = 3.421 % 
Standard derivation on FTIR = 0.060 % 
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Figure 13a – Calibration gas cylinder 2 
Conc. CH4 according to cylinder = 1.7 % 
Average conc. on FTIR = 1.017 % 
Standard derivation on FTIR = 0.0067 % 
 
 

 

Figure 13b – Calibration gas cylinder 2 
Conc. CO according to cylinder = 55 % 
Average conc. on FTIR = 37.51 % 
Standard derivation on FTIR = 0.256 % 
 
 

 

Figure 13c – Calibration gas cylinder 2 
Conc. CO2 according to cylinder = 10.7 % 
Average conc. on FTIR = 10.12 % 
Standard derivation on FTIR = 0.075 % 
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Figure 14a – Calibration gas cylinder 1 
Conc. CH4 according to cylinder = 5.2 % 
Average conc. on FTIR = 1.49 % 
Standard derivation on FTIR = 0.0279 % 
 

 

Figure 14b – Calibration gas cylinder 1 
Conc. CO according to cylinder = 18.3 % 
Average conc. on FTIR = 19.02 % 
Standard derivation on FTIR = 0.11 % 
 

 

Figure 14c – Calibration gas cylinder 1 
Conc. CO2 according to cylinder = 32 % 
Average conc. on FTIR = 29.52 % 
Standard derivation on FTIR = 0.12 % 
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The results from the analysis on the calibration cylinders are summarized in table 2 together with the 
calibration values marked on the cylinders. These values have an inaccuracy of 2 %.  
 

Substance Calibration cylinder 1 Calibration cylinder 2 Calibration cylinder 3 

Cylinder/FTIR Cylinder % FTIR % Cylinder % FTIR % Cylinder % FTIR % 

CH4 5.2 1.49 1.7 1.017 0.5 0.497 

CO 18.3 19.02 55 37.51 6.5 6.498 

CO2 32 29.52 10.7 10.12 3.5 3.421 

Table 2 – Summarized values from calibration cylinders 
This table shows the concentration values marked on the calibration gas cylinders compared to the 
average results from the FTIR.  
 
 
The method was also reprocessed with spectrum from an actual experiment. The results from the 
FTIR using this method are showed in figure 15. Only spectrum from a stabile time in the process is 
used, the so called steady state. Additionally to the calibration gas cylinders, water could also be 
analyzed here.  
 
 
 

 
 
 
 
 

 

6,8 

7 

7,2 

7,4 

7,6 

0 500 1000 1500 2000 

C
o

n
c.

 (
%

) 

Time (sec) 

H2O 

1,32 

1,33 

1,34 

1,35 

1,36 

1,37 

0 500 1000 1500 2000 

C
o

n
c.

 (
%

) 

Time (sec) 

CH4 

Figure 15a – Steady state  
Average conc. H2O on FTIR = 7.015 % 
Standard derivation on FTIR = 0.124 % 

Figure 15b – Steady state  
Average conc. CH4 on FTIR = 1.34 % 
Standard derivation on FTIR = 0.0094 % 
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Simultaneously to this experiment, measurements were made with a micro GC instrument with 
PoraPLOT U for separation including CO2 and molecular sieve for separation including CH4 and CO. 
The micro GC had a thermal conductivity detector, TCD. Measurements were also made with a GC 
instrument using Haysep Q for separation including CO2 and molecular sieve for separation of CH4 
and CO, also using a TCD. A third GC was also used for taking measurements. This instrument had a 
flame ionization detector, FID, and a CP Sil 5CB (25m x 0.33 mm and 5 µm phase thickness).  
The average results are presented in table 3 together with the average results from the FTIR analyzed 
from the same time during the process.  
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Figure 15c – Steady state  
Average conc. CO on FTIR = 34.16 % 
Standard derivation on FTIR = 0.35 % 

Figure 15d – Steady state  
Average conc. CO2 on FTIR = 10.79 % 
Standard derivation on FTIR = 0.34 % 
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Table 3 – FTIR compared with GC from steady state during actual process 
This table shows the average results from the FTIR compared with the average results from the GC 
instruments. Notification! Since FTIR can analyze water and GC cannot, all of the FTIR values in this 
table have been multiplied with a factor as shown in the formula 9. 
 
 
The results from the FTIR on the process experiment is in figure 16 displayed as for dry gas. The 
water has been removed from the results for each measuring point by the formula 9.  
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 FTIR % FTIR 
STD% 

Micro 
GC-TCD 

% 

Micro 
GC-TCD 
STD% 

GC-TCD 
% 

GC-TCD 
STD% 

GC-FID 
% 

GC-FID 
STD% 

CH4 dry 1.44 0.010 3.64 0.094 3.18 0.056 3.18 0.041 

CO dry 36.73 0.378 44.91 0.410 41.52 1.285 - - 

CO2 dry 11.60 0.370 16.39 0.263 15.40 0.590 - - 

H2O 7.015 0.124 - - - - - - 

Figure 16a – Steady state DRY 
Average conc. dry CH4 on FTIR = 1.44 % 
Standard derivation on FTIR = 0.010 % 

Figure 16b – Steady state DRY 
Average conc. dry CO on FTIR = 36.74 % 
Standard derivation on FTIR = 0.378 % 
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The background for the calibration gas cylinders show contamination in the instrument from carbon 
dioxide and water. See figure 17. The same applies for the background taken in the beginning of the 
experiment. See figure 18. 
 
 

 
Figure 17 – The background for the calibration cylinders 
The figure displays the spectrum for the background taken before the calibration gas cylinders were 
analyzed. The background is visible in green color. The spectrum of carbon dioxide is visible in purple 
color and has been opened simultaneously with the spectrum of the background in order to examine 
if there may be a carbon dioxide contamination in the system. Water absorbs around 1600 cm-1.  
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Figure 16c – Steady state DRY 
Average conc. dry CO2 on FTIR = 11.60 % 
Standard derivation on FTIR = 0.370 % 
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Figure 18 – The background for the experiment  
The figure displays the spectrum for the background taken before the experiment was started. The 
background is visible in green color. The spectrum of carbon dioxide is visible in purple color and has 
been opened simultaneously with the spectrum of the background in order to examine if there may be 
a carbon dioxide contamination in the system. Water absorbs around 1600 cm-1. 
 
 
Known inaccuracies are 2 % for the concentration given on the calibration gas cylinders, ±5 % for the 
calibration points used and 2 % for the spectrometer in the FTIR. 

5. Discussion 
 
The results from the analyses of the calibration gas cylinders generally show that the accuracy 
increases with lower concentrations and contrarily decreases with higher concentrations. See table 2. 
Due to the fact that the calibration curves have been made for relatively low concentration ranges, 
this is not a total surprise. For example, the calibration curve for methane, CH4, has been made in the 
calibration range 20.04 – 3143 ppm which corresponds to the range 0.002004-0.3143 %. Even the 
lowest concentration of methane in the calibration gas cylinder 3 is outside the calibration range. For 
carbon monoxide, CO, the problem is the same. The calibration curve has been made in the range of 
0.100 – 7.990 % and here, only the calibration gas cylinder 3 is inside the range. For carbon dioxide, 
CO2, the calibration range is 0.396 – 23.010 % so here it would be logical if the FTIR could give the 
right results for at least calibration cylinder 2 and 3. However, as shown in table 2, the result for gas 
cylinder 2 is not as accurate as the expectations were. An explanation to this could be that the FTIR 
instrument held contaminations of carbon dioxide from previous runs and that these contaminations 
had not been cleared out before the background was taken. If contaminations are left in the 
instrument when a background is taken, the zero value for the substance is actually not zero. What 
happen is that the instrument is told that this signal means zero concentration when it actually is 
detecting a signal that is larger than zero. This would then give results of lower values than expected 
at all concentration levels. However, how much it affects the results has to do with how long the 
system has been gas purged since the background was taken. The longer the purge time, the higher 
is the probability that the contamination have been purged out, making the instrument start at 
values below zero at the beginning of the run.   
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The figures 17 and 18 both show the same kind of contaminations in the background. The 
contaminations are water with its scissoring vibration around 1400 – 1900 cm-1 and the asymmetrical 
vibration around 3500 – 3800 cm-1, and carbon dioxide asymmetric vibration at around 2300 – 2400 
cm-1. (NIST, 2011) In order to receive a better and cleaner background, the system can be gas purged 
with nitrogen gas for a longer amount of time. If that would not help, maybe the system is not totally 
leak tight and the contaminations are entering from a leak.  

 
The calibration of water has been made in a wavenumber region where interferences from other 
substances are so low that they can be considered part of the noise compared to the water signal. 
Based on this fact, the water calibration seems reliable.  
 
The FTIR results from the experiment and the comparison to several GC instruments, show the same 
tendency as the results from the calibration cylinders did. The values collected with the FTIR are 
lower than those from the GC instruments. Based on the results from the GC instruments, even if 
they are not consistent, the values from the FTIR are much too low. This can be a consequence from 
the fact discussed earlier about that the calibration curves have been made from low concentration 
point. When it comes to the analysis of water, it must be said that the calibration cannot be verified 
based on the data held at this point. Therefore, it is important to know that there will be an extra 
inaccuracy factor to the values received with this method on the FTIR. The inaccuracies determined 
earlier were the spectrometers inaccuracy at 2 % and for the analyses made on the calibration gas 
cylinders the inaccuracies were also 2 %. The inaccuracies for the calibration points were 5 %. This 

gives a total inaccuracy of                            for the measurements made on the 
calibration gas cylinders. The inaccuracy in the water calibration with this method is 0.124 % 
according to the calculated standard derivation. Since the water is taken in to account when the 
results from the FTIR is compared to the GC instruments, the total inaccuracy for the measured and 

calculated dry gases on the FTIR is                               . These inaccuracies are 
however only validated for concentrations higher than the spectrometers detection level at 2 ppm. 
 
Generally, there are several different areas where measurement uncertainty derives from while 
building a method on the FTIR. For this thesis, the calibration points used are those produced by the 
developer of the FTIR. The accuracy of the calibration points for the four gases used in this method is 
±5 %. Then there is the question about which temperature the sample have in the FTIR instrument 
and how well it corresponds to the temperature the calibration points had, and of course, how large 
a difference has to be to make an impact on the calibration. Also the number of calibration points 
affects the accuracy, however in combination with how the points are in relation to each other. 
Exclusion of regions is another source of inaccuracy since it is sometimes difficult to think up how 
much of the interferences that should be excluded without risking excluding too much. Another 
matter that increases the inaccuracy is if the real concentration of a substance in a sample is outside 
the calibration range. The interpolation chosen for the calibration does probably not coincident with 
the much higher concentration in the sample. It is also important to choose a quant area or analysis 
band within the wavenumber range where all the ingoing substances have saved calibration 
spectrum. If for instance one were to make a calibration curve for water and saw in the spectrum 
that water absorbs infrared radiation at about 5500 cm-1 among other. After the interferences were 
added to the spectrum, one would see that there are no interferences at this level of wavenumber, 
so one would choose that area for quantification. However, the reason to way there are no 
interferences visible at that high of a wavenumber does not have to be due to that the other 
substances do not absorb radiation there. It can be because the other substances calibration 
spectrum has not been saved at that high of a wavenumber. This means that interferences can exist; 
they are just not visible in the spectrum at hand. To be on the safe side, it is therefore important to 
choose all quant regions within a range where one can be certain that all substances have 
information in the calibration spectrums saved. Another accuracy problem occurs also during 
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exclusion of regions. One chooses oneself which concentrations the premeditated interferences 
should have, however, if one uses the highest concentration spectrum there is, it is not certain that 
the real interferences are not bigger than that. Because of this, one really need to be thorough while 
performing the exclusion of regions so that the risk that small peaks that have not been excluded can 
become great peaks while measuring real samples, are minimized.  

6. Conclusion 
The method developed in this thesis has the consistent problem that the synthesis gas it is meant to 
analyze has relatively high concentrations of the substances causing the widest interferences. Due to 
this, the number of wavenumber regions where substances of lower concentrations have peaks with 
little interference, decreases. Another consequence due to the relatively high concentrations in the 
synthesis gas is that many peaks are roof absorbers; meaning that those peaks cannot be included in 
the quant regions, which narrows the opportunities to find a satisfactory quant region for several 
substances. Also, the actual concentrations in the synthesis gas are outside the calibration curve and 
the system has a contamination of both water and carbon dioxide.  
 
There are several suggestions of measures. One is to change the path length of the gas cell for the 
FTIR and maybe also the analysis temperature. A shorter optical path length gives a less amount of 
molecules that can absorb light which will result in smaller absorbing values and therefore also less 
roof absorbers. Among others, calibration data for methane can be found in the calibration range 
234 – 46452 ppm at 150 °C using a gas cell of 5.6m. Unfortunately, looking at all the finished 
calibration points made from the developer of the FTIR instrument, carbon monoxide can at the 
most have a calibration range within 0 – 20 % at 150 °C using a gas cell of 5.11 m. However, this is 
also far under the actual concentration of carbon monoxide in the synthesis gas. For carbon dioxide, 
there is not any calibration point available at higher concentration than those already used in this 
method. Another option for trying to make calibration curves at much higher concentrations than 
those already existing, is to try measuring calibration points with higher concentration oneself. Here 
it is however very important to find a path length for the gas cell and a temperature that is optimal. 
Since the actual concentrations in the synthesis gas are outside the calibration curve, the suggestion 
about making own calibration point is even more favorably.  
 
The gas going into the FTIR might also need to be diluted with nitrogen gas. If the gas was diluted, 
the roof absorbers would likely become fewer, opening the opportunities for finding satisfactory 
quant regions. Likewise, the interferences would likely become smaller and fewer. A suitable dilution 
to the synthesis gas can thus be established. The required dilution for the respectively substances in 
the gas is slightly different. Based on that the expected concentration of carbon dioxide in the 
synthesis gas is somewhere right under 20 % and that the concentration, according to VISTA, must be 
lower than 2 % to not become a roof absorber at around 3600 – 3800 cm-1, a dilution ten times 
would be needed. However, based on that the expected concentration of carbon monoxide in the 
synthesis gas is somewhere close to 40 % and VISTA requires that the concentration is 0.40 % to not 
become a roof absorber at around 2000 – 2200 cm-1, a dilution hundred times would be needed. The 
concentration of water would have to be below 2 % when inserted to the instrument to not show 
roof absorption at around 1300 – 1900 cm-1 and around 3500 – 3900 cm-1. If the expected water 
concentration in the synthesis gas is around 10 %, this would mean that a dilution 5 times is required. 
Since the required levels of dilution are different for all ingoing substance, the one requiring the 
highest dilution sets the standard, assuming that the other substances do not disappear from the 
spectrum due to high dilution. Different dilutions probably need to be tested to find the one giving 
the best results. See Appendix B for the displays from VISTA.  
 
The cause for the contamination in the system also needs to be identified and fixed.  
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Appendix A – Symmetry operations  
 
The six symmetry operations are the following (Rayner-Canham, Geoff & Overton, Tina, 2010) 
(Atkins, Peter & De Paula, Julio, 2010): 
 

1.) The identity operation, E 
This operation E exists in all molecules and what is does is to leave the molecule unchanged. The 
identity operation is thus found for every molecule.  
 

2.) The rotation operation, Cn
x 

This operation Cn
x makes the molecule rotate about an axis Cn. The degrees of the rotation is 360° 

diverted by the number n times the molecule can be rotated during 360° and still match the original 
conformation after each rotation, thus 360°/n degrees rotation. See figure 19. Some molecules have 
more than one axis of symmetry and in those cases the axis with the highest n-value is said to be the 
principle axis, i.e. the axis with highest molecular symmetry. A linear molecule, like the one in figure 
20, can be rotated through any angle and still match the original conformation.  
 

 
Figure 19 – The rotation operation 
The figure shows two molecules, ethane (C2H6) and ammonia (NH3). If zero degrees rotation is 
established as the original position, ethane needs to rotate 180° to achieve the same configuration 
and ammonia only 120°. Calculations show that ethane has a twofold rotation axis with the individual 
rotations C2

1 and C2
2, while ammonia has a threefold rotation axis with the individual rotations C3

1, 
C3

2 and C3
3. Note that ethane also has a C3 axis that intersects the two carbon atoms.  

 
3.) The mirror plane operation, σx 
This operation addresses reflection through a plane of symmetry, also called a mirror plane. See 
figure 20. The type of the mirror plane depends on where the principal axis is located in the 
molecule. The molecule is always turned so the principle axis is placed in a vertical direction. A mirror 
plane that is horizontal to the principle axis position obtains the name σh. If the mirror plane also is 
vertical exactly as the principle axis, it obtains the name σv. See figure 21. There is also a third type of 
mirror plane, the dihedral mirror plane σd. See figure 22. 
 

n=360°/180°=2 
This molecule has a C2-axis. 
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Figure 20 – A mirror plane 
The definition of a mirror plane is that the two parts of the observed molecule on each side of the 
mirror plane is identical, both with type of atoms and location of the atoms.  
 
 

 
Figure 21 – Horizontal and vertical mirror planes 
The horizontal mirror plane divides all atoms in the ethene molecule horizontal to the principle axis. 
The vertical mirror plane divides one of the hydrogens and the nitrogen atom in ammonia, and the 
angle between the remaining two hydrogens. Since ammonia consists of three hydrogen atoms, this 
molecule has three vertical mirror planes.  
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Figure 22 – Dihedral mirror plane 
If benzene is studied it can be observed that the molecule has three vertical mirror planes due to the 
principle axis C6. The molecule also contains three dihedral mirror planes. A dihedral mirror plane is 
actually a vertical mirror plane except that it is located between two vertical mirror planes or two 
rotation axis.  
 
 

4.) The inversion operation, i 
This operation addresses inversion through a center of symmetry. For a molecule to possess this 
center of symmetry, it has to be close to identical to the molecule gained when the atoms on each x-, 
y- and z-axis are inversed respectively. See figure 23. All molecules that have an even-numbered axis 
of rotation, Ceven, and a mirror plane, σh, perpendicular to that axis, have a center of symmetry.  
 

 
 
Figure 23 – Inversion through center of symmetry 
The figure shows the molecule sulfur hexafluoride with the sulfur atom in the center and the fluoride 
atoms on the x-,y- and z-axis respectively. All distances between one of the fluorides respectively and 
the sulfur atom is equally big. If this molecule would undergo the inversion operation, the fluorides on 
the x-, y- and z-axis would change places along the respectively axis. After inversion the molecule 
would still have the same configuration as the original molecule, thus sulfur hexafluoride has a center 
of symmetry.  
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5.) The improper rotation operation, Sn 
The improper rotation operation is the combination between the rotation operation and the mirror 
plane operation, where the mirror plane is perpendicular to the rotation axis.  To carry out this 
operation, the molecule is first rotated 360°/n degrees around the Sn-axis. Afterwards, the molecule 
is reflected through a mirror plane perpendicular to the rotation axis. See figure 24. 
 

 
 
Figure 24 – The improper rotation operation 
The figure shows how methane is exposed to the improper rotation operation. Since 360°/90°=4, the 
name for this operation on this molecule will be S4. Note that the rotation axis bisects the two H-C-H 
bonds in the molecule.  
 

6.) The time reversal symmetry 
The time reversal symmetry is an operation where the movement of the molecule acts exactly the 
same whether the molecule is examined forward in time or reversed in time. (Merzbacher, Eugen, 
1998) 
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Appendix B – Backgrounds  
 
 

 
Figure 26 – Background and CO2 spectrum 
The figure shows the background spectrum from the real process in green and the carbon dioxide 
spectrum at a concentration of 2 % in blue. 
 
 
 

 

Figure 27 – Background and H2O spectrum 
The figure shows the background spectrum from the real process in green and the water spectrum at 
a concentration of 2.04 % in blue. 
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