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Abstract

“The roots of education are bitter,
but the fruit is sweet.”
(Aristotle, ancient Greek philosopher)

ABSTRACT
This cumulative doctoral thesis is based on five publications in international peerreviewed journals, and is focused on advanced mid-infrared gas sensing concepts
taking advantage of substrate-integrated hollow structures (iHWGs) serving as
waveguide and preconcentrator/molecular enrichment platform. Next to the primary
development of advanced molecular enrichment schemes for exhaled breath analysis,
the utility of iHWGs in additional application scenarios (e.g., catalysis) has been
demonstrated. Consequently, the resulting publications comprise two thematic blocks:
(a) the development and optimization of the so-called iPRECON and muciPRECON
enrichment system, and (b) the implementation of iHWG-based infrared sensing
concepts in novel application scenarios, i.e., catalysis research, and in combination
with microfluidics for studying liquid phase activity changes.
Trace gas analysis in general demands addressing very low (i.e., ppm to ppb) analyte
concentrations with the required sensitivity, which frequently requests enrichment of
the target analytes with complex sample matrices prior to the actual measurement.
The developed miniaturized enrichment units facilitate enrichment factors up 50 and
more without the requirement of complex instrumentation. Hence, mobile and compact
infrared sensors with inherently limited optical path lengths, e.g., for the detection of
volatile organic compounds, ideally benefit from such preconcentration strategies. The
aim of this part of the thesis was therefore the development of equally compact
enrichment devices that may be operated fully automated and autonomous, are user
friendly, compact, robust, and fulfill analytical criteria such as reproducibility,
repeatability, and recovery rates similar or even superior to conventional
preconcentration methods based on solid phase adsorption/thermal desorption.

Abstract
The preconcentrator concepts developed in this thesis were exclusively based on the
so-called substrate-integrated hollow waveguide (iHWG) technology pioneered at the
IABC,

and

applied

in

combination

with

mid-infrared

(MIR,

3-15

µm)

spectroscopy/sensing technologies. In general, iHWGs are an attractive alternative to
conventional multi-pass gas cells, and are characterized by efficient light transmission
across the analytically relevant electromagnetic spectrum, while simultaneously
serving as a highly miniaturized gas cell probing minute (i.e., few hundred microliters)
sample volumes with exceptionally fast sample transient times. The very same iHWG
structures fabricated into heatable substrates have been adapted to serve as
preconcentration channel via packing solid sorbent materials adapted to the properties
of the molecules that should be trapped into the hollow structure.
Finally, the modularity and design flexibility of the iHWG technology enabled the
application of MIR sensing technologies in entirely new application scenarios including
monitoring fast catalytic processes, and analyzing how partial pressure changes (i.e.,
activity changes) of liquids may be observed and quantified via gas phase sensing
concepts.

Zusammenfassung

ZUSAMMENFASSUNG
Diese kumulative Doktorarbeit basiert auf fünf Publikationen, die in internationalen
referierten Fachzeitschriften veröffentlicht wurden. Der Fokus lag auf innovativen
Gassensorikkonzepten im mittleren Infrarot, wobei die Vorteile von substratintegrierten Hohllichtwellenleiterstrukturen (iHWGs) genutzt wurden, die auch als
Präkonzentrator- bzw. Molekülanreicherungsplattform dienten. Neben der primären
Entwicklung von kompakten Anreicherungssystemen zur Analyse ausgesuchter
Zielmoleküle

im

Atemgas

wurde

der

Nutzen

von

iHWGs

in

weiteren

Anwendungsszenarien (z.B. Überwachung von Katalyseprozessen) demonstriert. Die
daraus resultierenden Publikationen beinhalten daher zwei thematische Blöcken: (a)
die Entwicklung und Optimierung des so genannten iPRECON- und muciPRECONAnreicherungssystems
Infrarotsensorkonzepten

und
in

(b)

die

neuartige

Implementierung

von

Anwendungsszenarien,

iHWG-basierten
d.h.

in

der

Katalyseforschung, sowie in Kombination mit Mikrofluidik zur Untersuchung von
Aktivitätsänderungen in der Flüssigphase.
In der Spurengasanalyse wird der Nachweis von sehr niedrigen (d.h. ppm und subppm) Analytkonzentrationen angestrebt. Wenn die Messtechnik selbst nicht sensitiv
genug ist, ist die Anreicherung der Zielanalyten aus komplexen Probenmatrices vor
der eigentlichen Messung erforderlich. Die im Rahmen der vorliegenden Arbeit
entwickelten,

miniaturisierten

Anreicherungssysteme

ermöglichen

Anreicherungsfaktoren um das bis zu 50-fach und mehr. Davon profitieren mobile und
kompakte Infrarotsensoren mit inhärent begrenzten optischen Absorptionsweglängen,
z.B. zum Nachweis flüchtiger organischer Verbindungen, wenn sie um diese
Anreicherungsstrategien erweitert werden. Ein wesentliches Ziel dieses Teils der
Arbeit war daher die Entwicklung von ebenso kompakten und portablen

Zusammenfassung
Anreicherungssystemen, die vollautomatisch und autonom betrieben werden können,
benutzerfreundlich und robust sind, aber auch wesentliche analytische Kriterien wie
Reproduzierbarkeit,
herkömmlichen

Wiederholbarkeit

und

Anreicherungsverfahren

Wiederfindungsraten
auf

Basis

gegenüber
von

Festphasenadsorption/Thermodesorption erfüllen oder sogar übertreffen.
Die im Rahmen dieser Dissertation entwickelten Anreicherungskonzepte basierten
ausschließlich auf der am IABC entwickelten sogenannten substrat-integrierten
Hohllichtwellenleitertechnologie (iHWG), die in Kombination mit spektroskopischen
bzw. sensorischen Messverfahren im mittleren Infrarot (MIR, 3-15 µm) eingesetzt
wurden. iHWGs sind eine attraktive Alternative zu herkömmlichen Multiweg-Gaszellen
und zeichnen sich durch effiziente Lichtleitung über das gesamte analytisch relevante
elektromagnetische Spektrum aus. Gleichzeitig dienen sie als hochminiaturisierte
Gasmesszellen, die das Beproben geringster Gasvolumina (d.h. einige hundert
Mikroliter) ermöglichen und damit verbunden einen außergewöhnlich raschen
Probendurchsatz. Die gleichen iHWG-Strukturen wurden zu beheizbaren Substraten
verarbeitet und entsprechend angepasst, um als Anreicherungskanal zu dienen, in den
feste Adsorptionsmaterialien gepackt wurden deren Eigenschaften entsprechdn der
jeweiligen Zielmoleküle gewählt wurden.
Abschließend ermöglichte die Modularität und Designflexibilität der iHWG-Technologie
den Einsatz von MIR-Sensortechnologien in völlig neuen Anwendungsszenarien,
einschließlich der Überwachung schnell ablaufender, katalytischer Prozesse und der
Analyse und Quantifizierung von Aktivitätsänderungen von Flüssigkeiten über
Gasphasensensorkonzepte.
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Introduction

INTRODUCTION
Exhaled Breath
Exhaled human breath (EB) contains a variety of volatile disease biomarkers, which
could either be endogenously produced or administered and subsequently
metabolized within the human body. Already ancient Greek physicians knew that the
specific odor of EB could be associated with certain diseases or health conditions. For
example, a sweet smell in breath may be an indication for diabetes, a fishy smell a
result of a liver disease, and urine-like smell could be related to kidney failures.
(Buszewski et al., 2007) Modern interest in human breath analysis was initiated in
1971, when Linus Pauling et al. published a method to detect approx. 250 volatile
organic compounds (VOCs) in breath via gas-liquid partition chromatography (Pauling,
1971). Over the past decades, an increasing number of analytical detection methods
were developed for addressing breath constituents, and several biogenic trace gases
have been identified as markers for cancer, schizophrenia, diabetes, and other
diseases. Especially the progressive development of more sophisticated and sensitive
methods has led to observation of more than thousand different VOCs in human
breath. For example, in 1999 M. Phillips et al. observed more than 3,400 different
VOCs in a group of 50 patients. (Phillips et al., 1999) However, the EB in individuals
usually contains around 200 VOCs. (Phillips et al., 1999)
One of the major advantages of EB analysis is the non-invasive nature of the
procedure. It enables painless, point-of-care (POC) disease diagnostics and metabolic
status monitoring during e.g. drug therapy/ treatment in clinics. The analysis of EB has
been proposed as a complementary method to blood or urine samples but has not yet
been introduced as a standard diagnostic tool in clinics. (Abbott et al., 2003) To date,
only a few specific breath tests are accepted as reliable diagnostic tools. Currently, the
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most prominent ones are the breath tests which rely on the detection of nitric oxide in
EB and serve as a diagnostic indicator of airway inflammation and on the quantification
of exhaled

13C-labeled

carbon dioxide indicative of an infection of the gastric mucosa

originating from Helicobacter pylori. (Buszewski et al., 2007; Kokoric et al., 2017) One
reason for the absence of breath tests in clinics is the lack of standardized methods,
simple sample preparation and normalization. For most of the VOCs in human breath
the biochemical pathway and origin is only understood in part or not at all. However,
some biomarkers had been identified and related to specific diseases (see Table
1).(Abbott et al., 2003; Buszewski et al., 2007)

Exhaled Breath Constituents

The major components in EB are nitrogen (~ 78%), oxygen (~ 17%), carbon dioxide (~
4%), and water vapor. The remaining constituents in EB are made up by hundreds of
volatile organic species in the range of a few parts per billion by volume (ppbv). The
content and composition of the VOCs in EB are strongly influenced by lifestyle, age,
state of health, nutrition and genetics and therefore differs from person to person.
Although the VOC profiles of healthy and sick persons differ, there are some major
VOCs that are present in EB including isoprene, acetone, and alcohols. Table 1 gives
an overview of some major and minor biomarkers found in human EB and their
physiological origins. As already mentioned, for most of the VOCs the specific
metabolic pathway is unknown.
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VOCs

Disease /
Physiological basis

Ethane
Pentane
Isoprene
Acetone

Acetaldehyde
Ethanol
Methanol
Hydrogen
Methane
Sulfur-containing compounds

Oxidative stress
Lipid peroxidation
Oxidative stress
Lipid peroxidation
Cholesterol metabolism
Diabetes mellitus, ketonemia
Decarboxylation
of
acetoacetate
Ethanol metabolism
Gut bacteria
Metabolism of fruit
Gut bacteria
Gut bacteria
Liver impairment
Gut bacteria

Concentration range
[ppb]
0.5 – 5 (Ross and Glen, 2014)
5 – 14 (Fenske and Paulson, 1999)
12 - 580 (Fenske and Paulson, 1999)
1.2 – 1880 (Fenske and Paulson,
1999)
0.0 – 89.5 (Fenske and Paulson,
1999)
13 – 1000 (Fenske and Paulson,
1999)
1.3 – 2000 (Fenske and Paulson,
1999)
0.95 – 46.8 (Ledochowski et al., 2001)
1000 – 19000 (Szabó et al., 2015)
1.5 -29.5 (Mochalski et al., 2009)

(dimethylsulfide, methyl mercaptane,
ethyl mercaptane)
820 – 14700 (Davies et al., 1997)

Nitrogen-containing compounds
Ammonia
Dimethylamine

100–200 (Wzorek et al., 2010)
Uremia, kidney impairment
Protein metabolism
1.76 – 38.02 (Grabowska-Polanowska
et al., 2013)

Trimethylamine

Methylamine

Protein metabolism

1.42 - 144 (Obermeier et al., 2017)

Table 1 Selected endogenous trace gases/biomarkers found in exhaled human breath which are related
to diseases and their concentration ranges
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Exhaled Breath Analysis from an Analytical Point of View

Breath analysis poses formidable challenges from the sampling procedure to the actual
analysis of breath compounds. Generally, EB analysis involves a sampling step, a
preconcentration step, an optional separation step, and the final analysis. Each step is
subject to individual challenges. Until now, there is no accepted generalized procedure
for the analysis of EB samples. Hence, reproducibility and reliability of sampling and
detection methods is critical. (Buszewski et al., 2012)
The breathing cycle involves two major steps, an inspiratory phase and an expiratory
phase. The expiratory phase can further be dived into additional sections (see Figure
1). During the first section, the air in the upper airways and the oral cavity is exhaled.
In the second section, a steady increase of CO2 and VOCs can be monitored. The last
section contains the highest amount of VOCs, i.e., the breath sample in this section
represents the air, which has participated in the blood-air gas exchange in the alveoli.
(Mochalski et al., 2019) Basically, there are two major approaches to collect breath
samples: (a) breath samples that contain the total breath (i.e., mixed expiratory
sample) or (b) only the alveolar sample. Due to patient to patient, the VOC
concentrations of this two samples will differ significantly, which from an analytical but also from a medical - point of view is of crucial importance.
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Figure 1: Typical exhalation profile. (Miekisch et al., 2004)

Due to the usually minute VOC concentrations in EB (ppb to ppm range) enrichment
strategies are frequently required for reliable detection/quantification. A variety of
preconcentration techniques are applied in breath analysis including, e.g., solid-phase
micro-extraction (SPME), membrane extraction with a sorbent interface (MESI), and
sorbent enrichment methods. (Kokoric et al., 2017; Ras et al., 2009) Preconcentration
of VOCs onto solid sorbents followed by thermal desorption is among the most
commonly applied techniques when analyzing breath samples (M. Alonso et al.).
Different boiling points of the VOCs require to carefully select the appropriate sorbent
material. Many adsorbent materials are available and are used for the
preconcentration/storage of EB, but the most common ones can be classified into
organic polymers (e.g. Tenax TA, Optipore, etc.), activated charcoal (e.g. Carbopack)
and carbon based molecular sieves. (Buszewski et al., 2007; Kokoric et al., 2015;
Kokoric et al., 2016a; Miekisch et al., 2004)
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Another challenge when analyzing EB is the potential separation into individual
molecular components prior to the analysis. The separation of VOCs is mostly done
by gas chromatography (GC) and the detection by flame ionization detector (FID) or
mass-spectrometry. (Aghdassi and Allard, 2000; McGrath et al., 2000; Mueller et al.,
1998; Španěl et al., 1999) The combination of gas chromatography with mass
spectrometry (GC-MS) may currently be considered as the golden standard method
(Kim et al., 2010; Phillips et al., 1999).
Despite the excellent sensitivity of the GC-MS method, this technique has some
drawbacks. Usually, GC-MS devices are expensive, bulky and the collected samples
need a complex and time consuming preparation prior to analysis (Ohira et al., 2007).
Consequently, alternative detection methods have emerged in recent years including
e.g., selected ion flow tube-mass spectrometry (SIFT-MS) (Abbott et al., 2003), proton
transfer reaction-mass spectrometry (PTR-MS) (King et al., 2009), ion-mobility
spectrometry (IMS) (Alonso and Sanchez, 2013), gas chromatography–time of flight–
mass spectrometry (GC–TOF/MS) (Rudnicka et al., 2011), metal oxide sensors (MOX)
(Jaeschke et al., 2018), optical absorption methods such as chemiluminescence (Ohira
et al., 2007) and infrared spectroscopy (Kokoric et al., 2015; Seichter et al., 2013;
Tütüncü et al., 2018). A particular advantage of optical/spectroscopic techniques is the
capability of in situ and online measurements, along with a substantial potential for
system miniaturization toward compact - ideally handheld - device footprints.

Fundamentals of Infrared Spectroscopy
The qualitative and quantitative analysis of molecules (also biomarkers) using infrared
(IR) spectroscopy is based on the vibrational and rotovibrational transitions which
occur when IR radiation interacts with matter. If the frequency (or energy) of the IR
radiation matches the vibrational frequency (or energy) of the molecule, the energy is
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absorbed by the molecule and the molecular vibration is excited to a higher vibrational
level. Fundamental IR absorptions result from stretching or bending motions of specific
bonds within the investigated molecule. By plotting the frequency (or energy) against
the absorbance throughout the entire mid-infrared region (3-15 µm), a spectrum is
obtained. However, an absorbance can only occur if the molecule exhibits a permanent
change of the electrical dipole moment during a transition from a ground state to an
excited (vibrational, rotovibrational or rotational) state. This is known as the selection
rule for vibrational spectroscopy, and is based on quantum mechanics. A detailed
description for the selection rule and the quantum mechanical theory is beyond the
scope of this introduction, but can be found in suitable textbooks. (Atkins and Paula,
2009; Skoog et al., 2014; Wedler and Freund, 2018). Usually, molecules have more
than one fundamental infrared vibration. Hence, absorption features can be divided
into two classes according to whether they appear at the same frequency in many
molecules or not. If molecules have the same functional group, the absorption appears
between 4000-1300 cm-1 and can be related to the so-called group frequencies. In the
spectral region between 1300 to 400 cm-1 absorptions arise from a combination of
different vibrational transitions and provide a unique and complex information about
the investigated molecule. Therefore, the region is called the ‘fingerprint region’. IR
spectroscopy is a common method for structural clarification of organic and inorganic
molecules based on the fact that the method is non-destructive, time and cost efficient,
and potentially miniaturizable into a sensing format (e.g., in combination with tunable
quantum cascade lasers). (Haas et al., 2017; Hesse et al., 2005; Petruci et al., 2013b;
Stuart, 2004)
IR spectroscopy can further be used for the quantification of samples. If
electromagnetic radiation interacts with the sample, absorption of radiation may occur.
The relationship between sample concentration and observed absorption is described
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by the Beer-Lambert law (see equation 1). The equation correlates absorbance A
proportionally to the sample concentration c, the optical path length (i.e., absorption
path length) within the sample l, and the molar absorptivity ε.

𝐴 = 𝜀𝑐𝑙
Equation 1

Although theory indicates a linear relationship between concentration and absorbance,
in practice the linearity is dependent upon the concentration range and other
instrumental factors.
From an instrumental point of view, the absorbance is defined as the difference
between the logarithms of the intensity of the light, entering the sample (𝐼0 ) and the
intensity of the light, transmitted by the sample (𝐼). Absorbance is therefore
dimensionless. (Stuart, 2004)

𝐼0
𝐴 = log(𝐼0 ) − log(𝐼) = log ( )
𝐼
Equation 2

The transmittance is defined as:

𝑇=

𝐼
𝐼0

Equation 3

Therefore:

𝐼
𝐴 = − log ( ) = −log(𝑇)
𝐼0
Equation 4
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Substrate-Integrated Hollow Waveguide Technology
Hollow waveguides (HWGs) can essentially be understood as light-pipes, whereby the
radiation is propagated through a structure by internal reflection within the hollow core
of the structure. Waveguides operate according to two fundamental light propagation
principles. ATR (attenuated total reflection) waveguides propagate radiation based on
the principle of total internal reflection within a solid material, e.g. a zinc selenide
(ZnSe) crystal. ATR waveguides are made from materials with a refractive index higher
than that from air (optical density). On the boundaries of air and the ATR material, the
photons are reflected and guided through the structure with an evanescent field
extending into the adjacent sample medium. In contrast, in leaky guides or hollow
core waveguides light is propagated through the structure by reflections on the inner
walls of a pipe or hollow structure coated with a dielectric material or a metal, e.g.,
Ag/AgI, gold, silver. (Charlton et al., 2005; Harrington, 2000) Since the appearance of
the first hollow core waveguides in the late 1970s, the design was exploited to be used
as light pipe and simultaneously as miniaturized gas cell. Thus, they are a useful tool
in the area of spectroscopic gas sensing for small gas volumes. (Garmire et al., 1976;
Hiratani et al., 1985; Miyagi, 1983; Seichter et al., 2013; Young et al., 2011).
Substrate-integrated hollow waveguides (iHWGs) are derived from hollow core
waveguides and were pioneered by Mizaikoff and co-workers/collaborators (Wilk et al.,
2013). A remarkable advantage of the iHWGs in comparison to the conventional hollow
core waveguides with the structural tube usually made from silica, glass, plastic or
sapphire is the fact that the optical channel is integrated into a mechanically robust
planar substrate, e.g., brass, aluminum. This increases the rigidity and mechanical
stability of the iHWG compared to conventional fiber-shaped HWGs. A further
advantage is the modularity, adaptability, and design flexibility of the iHWG. Depending
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on the analyte or application scenario, the shape of the optical channel, volume of the
gas cell and the used materials for the iHWG can be easily adapted to new designs.
The versatility of iHWGs in various application fields was shown for the detection of
environment and industry gases (e.g., H2S, O3, SO2, CH4, etc.). (José Gomes da Silva
et al., 2016; Petruci et al., 2013a; Petruci et al., 2015) and for (bio)medically relevant
analytes (e.g., isoprene,

12CO /13CO
2
2

ratio, etc.) (Kokoric et al., 2015; Seichter et al.,

2013; Tütüncü et al., 2018).

Figure 2: Computer animated 3D model of an iHWG.

Fig. 2 provides a 3D model of a straight channel iHWG, and is intended to describe the
key structure of any iHWG. The polished waveguiding channel/gas cell is integrated
into an aluminum or alloy substrate. Most iHWGs developed are mainly fabricated from
two core components: (i) a bottom substrate comprising all channel structures, and (ii)
a cover substrate with a mirror-like polished surface finish. Both substrates are
combined via screws and sealed with epoxy resin in order to ensure gas tightness.
Each end of the channel is sealed gas tight via two IR transparent windows. To prevent
26
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contamination of the optical path with epoxy resin when sealing the iHWG substrate
and lid, two overflow channels are integrated next to the waveguiding/ gas cell channel
accommodating redundant resin.
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Preconcentration and Adsorption
Enrichment of gas molecules on solid materials from a gas mixture is physically based
on adsorption processes. In the simplest form, adsorption is the accumulation of a
substance (i.e., one or several constituents from the gas mixture) at a solid interface
(i.e., solid material). Due to the present van-der-Waals forces, gas molecules will be
attracted and finally adsorbed at the surface of the sorbent. The number of adsorption
events is mainly determined by the partial pressure (or concentration) of the gas
molecules and available adsorption sites at the sorbent surface.
Prior to the discussion of different adsorption theories, a few terms have to be defined.
The substance or material onto which the adsorption occurs is called the adsorbent.
The gas constituents or absorbable substances are the adsorptive or adsorpt.
Eventually, molecules in the adsorbed state are called adsorbates. For clarity, Fig.3
illustrates these introduced new terms. In order to assess the potential of an adsorbent,
adsorption functions are determined and the number of adsorbed moles per area unit
𝑚𝑜𝑙

( 𝑚2 ) are evaluated. In general, the temperature is a crucial factor for the adsorption.
Therefore, studies of the adsorption functions are executed at constant temperature
and the results are the so-called adsorption isotherms. Depending of the dominant
driving force involving in the adsorption process, the adsorption can be divided into
physical adsorption (physisorption) or chemical adsorption (chemisorption). During
physisorption, the dominant force is the van der Waals attraction force. Chemisorption
is considered if chemical bonds are formed. During the studies and results presented
in this thesis only physisorption is assumed; therefore this chapter will only deal with
this kind of adsorption. Furthermore, this chapter will only cover relevant aspects
needed to describe the adsorption and the preconcentration for the demonstrated
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results herein. A detailed description and extensive introduction to the topic can be
found in the prevalent literature, e.g., (Butt et al., 2003; Rouquerol et al., 1999).

Figure 3: Explanation of terms using an adsorption schematic

As mentioned before, a closer look to the adsorption at the gas-solid interface is
provided. The adsorption process (gas-solid) is a superficial process. The surface of
an adsorbent contains a certain number of adsorption sites. The quotient of the number
of occupied adsorption sites by the number of available adsorption sites is described
by the degree of coverage Θ / Γ. If all binding sites are occupied, θ equals 1. At an
ideal plain surface all binding sites are equal. Since this is not the case for most realworld sorbent materials, especially for the used sorbent materials in this thesis, a closer
look at a porous structure is needed. A porous material has a variety of different pores,
and each of these pores has a different accessibility. In conclusion, some areas at the
particle are more likely to be covered by adsorptives. In general, the rougher the
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surface is or the smaller the pores are, the more pronounced is the contribution to the
specific surface area. Figure 4 shows a hypothetical porous particle with different
pores. A differentiation and description of the pores can be found in (Rouquerol et al.,
1999).

Figure 4: Illustration of a porous particle with various pore types - adapted from (Rouquerol et al.,
1999)

Adsorption Process during Physisorption
If a molecule (adsorptive) approaches a surface (adsorbent), two contrary forces may
act on the molecule: a repulsive force and an attracting force. During the approach,
i.e., still further away from the surface, the attractive forces are dominant and the
adsorptive is “pulled” towards the surface. The amount of the force is depending of the
1

distance (r) between the adsorptive and adsorbent and is proportional to 𝐹𝐴𝑡𝑡𝑟. ~ 𝑟 6. At
shorter range, the repulsive forces are dominating, and the force is proportional to
1

𝐹𝑅𝑒𝑝𝑢. ~ 𝑟 12. The total potential energy representing the interaction is known as the
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𝐵

𝐴

Lennard-Jones (12,6) potential and is expressed as: 𝑉(𝑟) = 𝑟 12 − 𝑟 6 . With A and B as
specific constants (see figure 5).

Figure 5: Lennard-Jones (12,6) potential

Adsorption Isotherms
An adsorption isotherm relates the quantity of adsorbed molecules and the
composition of the bulk phase, under equilibrium conditions at a fixed temperature
(Bleam, 2017). There are a variety of adsorption models and isotherms; in this
introduction, exemplarily the six most common ones will be described.
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Figure 6: Different types of adsorption isotherms (Rouquerol et al., 1999)

(A) In the simplest isotherm, the coverage of the surface is linearly correlated with the
concentration c or the partial pressure P. This behavior is observed for very low
concentrations and is described by the Henry adsorption isotherm.
(B) Another common isotherm is the Freundlich isotherm. The Freundlich adsorption
model assumes that the adsorbent surface is heterogeneous and that there are
adsorption sites with higher and lower affinity. During the adsorption higher affinity
spots are occupied first. (Freundlich, 1907)
(C) In contrast to the Freundlich isotherm, the Langmuir model assumes a
homogeneous surface with monolayer adsorption. Another difference to Freundlich is,
that the adsorbate-adsorbate interactions are ignored. Langmuir isotherms are really
observed in the gas-solid adsorption. However, it is often observed in the liquid-solid
adsorption. The isotherm in figure 6 (C) shows a saturation for higher concentrations,
which indicates a monolayer adsorption.(Butt et al., 2003)
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(D) Isotherms with a sigmoidal shape are observed in the presence of a flat and
homogeneous surface. Molecules adsorb better, if they can interact with an already
adsorbate.
(E) and (F) are both based on the model developed by Brunauer, Emmett and Teller
(BET). While the Langmuir model assumes only a monolayer adsorption, the BET
model extends this theory by proposing a multilayer adsorption. On each adsorbed
layer, a new adsorption layer is created. In the first part of the isotherm (E), the
adsorption of the first monolayer is indicated. After reaching a saturation, further
adsorption may occur on the top of the first one. In case that molecules bind strong
with the second or any further adsorptions layers, type (F) is observed. The BET
isotherm is usually observed by gas adsorptions and it can be stated that the model is
able to describe a realistic scenario. (Brunauer et al., 1938; Butt et al., 2003)
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Adsorption Dependencies
To understand how and why preconcentration of molecules on a solid sorbent is
possible, the effects of temperature on the adsorption process have to be understood.
From a thermodynamic point of view, a closer look on the Gibbs free energy equation
can help to bring some clarity to.

∆𝐺 = ∆𝐻 − 𝑇 • ∆𝑆
Equation 5: Gibbs free energy equation

First the exothermic character of a physisorption can be explained using the formula
in equation 5. Assuming an adsorption of a molecule, the entropy ΔS becomes
negative. The adsorbed molecules at least lose one degree of freedom; the whole
system entropy reduces. Further, the entropy is the measure of the randomness of a
system. In case of a gas adsorption from a mixture, the molecules are randomly
distributed. An adsorption event brings order, consequently the entropy decreases.
Relating to equation 5, the term T • ΔS becomes negative. Therefore, adsorption will
occur only if ∆G is negative, and this is possible only if ∆H < T • ∆S. The process is
therefore exothermic. Consequently, by varying the temperature it is possible to shift
the equilibrium (adsorbed → desorbed); higher temperature means less adsorption
and vice versa. This temperature dependency of the adsorption can be and is exploited
in the preconcentration of gas samples using solid adsorber materials as used in the
iPRECON presented in this thesis. (Butt et al., 2003; Erkey, 2011; Kokoric et al., 2015;
Rouquerol et al., 1999)
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RESULTS AND DISCUSSION

Figure 7: Content-related word cloud representation of the dissertation

Figure 7 shows the profile of a human upper body which is filled with the text contents
of the first author publications comprised in this thesis. With the help of an algorithm,
the different weighting of certain words is determined according to significance/
frequency and is represented by different font sizes. As immediately apparent, the

42

Results and Discussion
primary motivation of this thesis was the development of sensors to analyze exhaled
human breath.
By looking at Figure 7, one recognizes at first glance, which topics and challenges all
publications have in common and, in conclusion, which problems were studied during
the preparation of this dissertation. Since this thesis was performed at the Instiute of
Analytical and Bioanalytical Chemistry, it is not surprising that "concentration" and
"measurement" are the most dominant catchwords. In particular, the rather low
concentration of analytes (e.g. isoprene) and their "sensing" or “detection” play an
important role in breath analysis. The next group of keywords include "iHWG",
"channel", "gas-cell", "gas", "absorption", and resulted from the fact that all developed
technologies are based on iHWG-enabled IR spectroscopy.
In the following section, it will be shown, that the enrichment units developed during
this dissertation could be successfully used for the detection of trace gases. In
particular, it could be demonstrated that with the iPRECON and the muciPRECON an
innovative device is provided, which in size, transportability, ease of handling, and
versatility can not only be used for the enrichment and detection of biomarkers, but
can also be adapted to other application scenarios where trace gases need to be
detected. While the development of an enrichment unit for EB was the main priority of
this dissertation, some special features of the iHWG were exploited, e.g., to monitor
catalytic processes in real-time or to observe the changes of partial pressures in
liquids. A summary of the most significant results of the individual publications is
described in the following. All publications were achieved within the dissertation period.
The first stage towards a semi-automatic enrichment device was achieved by
defining design parameters for the new device. It was decided to develop the novel
iPRECON on the base of microcontroller board which can be operated either over a
computer program or through preprogrammed operation loops. The microcontroller is
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operating magnetic solenoid valves and is monitoring the temperature during
enrichment and the measurement. Another change to conventional preconcentration
systems is that the iPRECON is not cylindrical but rectangular and the actual
adsorption channel is integrated into a rigid aluminum block. In the first publication
“iPRECON: an integrated preconcentrator for the enrichment of volatile organics
in exhaled breath” it is demonstrated that the new iPRECON concept can be used to
obtain the same results for the detection of isoprene compared to conventional
preconcentration strategies. It is further shown, that in terms of automation, userfriendliness, reproducibility, compactness, and robustness the iPRECON concept
offers some distinct advantages. Compared to the system without preconcentration, a
preconcentration factor of at least 50 is derived. Additional information, not shared
within the article, can be found in the appendix of this thesis. It includes the source
code for the program which is used to operate the microcontroller and some wiring
information. (Kokoric et al., 2015)
To address the detection and preconcentration, respectively of different
hydrocarbons the design of the iPRECON was modified. By introducing a Peltier
element as a cooling unit, the adsorption temperature is reduced from room
temperature (25°C) to -10°C, by still keeping the whole system compact. As discussed
in the theory part of this thesis, the temperature is crucial for the adsorption of
molecules. Lower temperature leads to higher enrichment. To reduce the thermal mass
(improving the cooling and heating time) of the preconcentrator, the dimension is
further reduced to 5x5 cm (from 7,5x5 cm) and two additional adsorption channels
were introduced. This leads to the name of the second generation of iPRECONs, the
multichannel

substrate-integrated

“muciPRECON:

multichannel

preconcentrator

preconcentrators

for

or

muciPRECON.

portable

In

mid-infrared

hydrocarbon gas sensors” it is exemplarily shown that methane can be enriched on
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two individual sorbent channels with two different sorbent materials on a single device.
The limits of detection were improved by approximately one order of magnitude using
this preconcentration concept. Towards the use of the muciPRECON for the
enrichment of exhaled human breath, it offers a very flexible and modular system. For
example, by choosing different sorbent materials with contrary chemical properties
(e.g. hydrophobic) or physical properties like pore size. A wide range of molecules can
be enriched and separated on a single device. Individual selectable channels also
enable to adsorb or desorb at different times or temperatures. (Kokoric et al., 2016a)
It is worth mentioning, that the enabling factor for the evaluation of the desorption
profiles is the use of the iHWG. The iHWG has, due to its design, a very small gas cell
volume (a few hundred µL) when compare to multi-pass gas cells (up to a few liters).
During the desorption process, small portions of the desorbed gas mixtures are
transported into the iHWG, where the spectrum is recorded. By continuously obtaining
spectra, a desorption profile is established. The small internal volume of the iHWG
allows very fast gas exchange and enables to monitor very fast transitions and probing
of small gas samples (e.g. mouse breath). In cooperation with the Institute of Surface
Chemistry and Catalysis, Ulm University, a novel concept for analyzing the
performance of catalysts via infrared gas phase analysis based on iHWGs was
developed. In the third publication “Infrared spectroscopy via substrate-integrated
hollow waveguides: a powerful tool in catalysis research” the benefits of the low
sample volume of the iHWG are exploited to monitor composite changes of a gas
stream after interaction with a catalyst in high time resolution. As a real-world catalyst,
the oxidation of CO at an Au/TiO2 catalyst is investigated using an IR-iHWG analyzer
and validated via GC. A remarkable result is that for GC analysis, the first results can
be obtained after 10 min and afterward every 17 min. These times are restricted by the
retention time of the gaseous samples within the GC column. In contrast, the time
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resolution of the IR-iHWG analyzer facilitated measurements every 60 s. When
comparing the GC results with the IR results, we clearly demonstrated that the results
obtained with IR are almost identical with the GC measurements. Using the obtained
IR data, we further proof that IR-iHWG analyzers are ideally suited for monitoring
associated changes of the reaction rate during a catalytic gas-phase conversion.
Based on the comparison between the initial- and final reaction rate determined via the
IR-iHWG analyzer and GC measurements, we could show that the time resolution of
each method leads to different deactivation ratios. In summary, it is apparent that IRiHWG analyzers provide unique capabilities for studying transient gas-phase reactions
during catalytic conversion processes and that it can be used in heterogeneous
catalysis research. (Kokoric et al., 2016b)
In cooperation with the French Alternative Energies and Atomic Energy Commission
(CEA) in Grenoble (France), a novel device for evaluation of chemical activities of
volatile compounds dissolved in complex fluids was developed. The new device
combines and integrates microfluidics with the iHWG concept. It is demonstrated that
this approach uniquely enables controlled evaporation of a liquid sample into the iHWG
structure, and the analysis of the partial pressure of volatile species. By studying a
binary mixture of ethanol with water, it is shown that chemical activities can be derived
for the partial pressure data. The results from the publication “Determining the Partial
Pressure of Volatile Components via Substrate-Integrated Hollow Waveguide
Infrared Spectroscopy with Integrated Microfluidics” hereby demonstrate for the
first time that a microfluidic IR-iHWG assembly enables the determination of solution
activities. It is anticipated that microfluidic IR-iHWG assemblies enable the evaluation
of thermodynamic and kinetic complex fluids encountered during various industrially
relevant scenarios including but not limited to extraction, refining, distillation, and
agglomeration. (Kokoric et al., 2018)
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The book chapter “Breath analysis with mid-infrared diagnostics “, is intended to
give the interested reader an introduction to EB analysis using IR and a general
understanding of the material. After a general introduction to breath analysis and
infrared spectroscopy, traditional and modern methods for the detection of biomarkers
using IR spectroscopy will be discussed. The book chapter also deals with the
difficulties and challenges of breath analysis in general and IR spectroscopy in
particular. (Kokoric et al., 2017)
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APPENDIX

The four figure illustrate the flow path of the gas samples during the adsorption, desorption, measurement, and regeneration phase. In green color, the path of the gas
is shown, and in red the IR radiation path.
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(A)

(B)
(A) shows a screenshot of the iPRECON-Control software. In combination with the Velleman K8055 USBCard, the buttons are associated with position the solenoid valves for the proper operation e.g. sampling,
measuring etc. The software also shows the temperature of the iPRECON and allows an export of the
temperature data. In (B) the example of an enrichment shows in which order the solenoid valves are
connected to control card.
On the following pages, the Visual Basic source code of the iPRECON-Control is given.
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