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General introduction 

Air pollution is defined as “the contamination of the indoor or outdoor environment by any chemical, 

physical or biological agent that modifies the natural characteristics of the atmosphere” according to 

the World Health Organization (WHO). Nowadays, air pollution is one of the major environmental 

risk factors for the global burden of disease. Only in 2015, exposure to air pollution was estimated to 

cause over 7.0 million deaths which represented 7.6% of total global mortality this year [1]. The health 

effects of exposure to air pollution are diverse and can range from slight nose and eyes irritation to 

more serious pathologies such as heart disease, lung cancer, and chronic and acute respiratory 

diseases including allergy and asthma. 

This context highlighted the need of air pollution regulations at the global level to prevent the 

deterioration of public health. For example, in the last decade, several laws have been entered into 

force to limit vehicle entry in hundreds of European cities and promote the use of public transport. In 

general, people appear to be more aware of outdoor air pollution since it is more “visible”. Indeed, 

who has never observed large columns of smoke arising from factories or enormous clouds of 

pollution on top of cities? According to the WHO, 4.2 million deaths every year are attributed to 

ambient air pollution whereas 3.8 million can be ascribed to indoor air pollution. Therefore, the 

difference is not as significant as we think. This high mortality is mainly due to the fact that people 

spend more than 80 % of time indoors [2] where the levels of some organic pollutants are usually from 

2 to 10 times higher than outdoors [3], [4]. Additionally, the existence of multiple pollutant emission 

sources, together with the conditions to live in comfort characteristics of closed environments 

(temperature, humidity, ventilation), promotes chemical reactions generating by-products that can be 

as harmful as their precursors. The continuous exposure to this mixture of diverse pollutants can 

provoke serious detrimental effects on human health. Therefore, the European Union has established 

indoor air quality (IAQ) guidelines aiming to limit benzene and formaldehyde exposure to 5 µg m-3 

(1-year period) and 100 µg m-3 (30 min), respectively. In France, IAQ legislation in public buildings 

has become stricter fixing a limit value of 30 µg m-3 for long-term exposure to formaldehyde from 1st 

January 2015 and decreasing the benzene threshold for long term exposure to 2 µg m-3 from 1st January 

2016 [5].  
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In this context, the objective of this thesis is the development of a portable analytical instrument for 

BTEX monitoring in near real-time at very low concentrations. To this purpose, a micro gas 

preconcentrator was developed and integrated in a portable GC prototype to achieve a LOD for 

benzene lower than the threshold value set by the French government, i.e. 2 µg m-3 (0.6 ppb). In order 

to possibly enlarge the range of pollutants analysed by this instrument, a part of this thesis was 

focused on the study of different adsorbents for the capture of indoor pollutants.  

In chapter 1, general aspects on air pollution and theoretical bases on VOC measurement and 

adsorption needed to understand this research work are provided. To complete the socioeconomic 

context of the development of this project, the health effects associated to this “silent killer” and the 

current European air quality regulations are described. Most common methods for VOC detection 

and the state of the art of preconcentration devices are presented to highlight the lack of analytical 

devices presenting simultaneously high sensitivity and portability. In the last section of this chapter, 

the main aspects on VOC adsorption are explained to give the reader a brief introduction prior to the 

discussion of the obtained results. 

Chapter 2 is divided in two sections: VOC adsorption and preconcentrator development. In the first 

part, the materials employed for VOC adsorption and the techniques employed for their 

characterization are detailed. Afterwards, the different homemade experimental setups used for the 

adsorption experiments are described.  

In chapter 3, the results obtained in field campaign of indoor air quality conducted in two French 

primary schools for 5 weeks are presented. This campaign was developed in the framework of the 

IMPACT’Air project aiming to determine BTEX concentrations in indoor air, identify their main 

emission sources and evaluate the efficacy of different ventilation methods. 

Chapter 4 summarizes the characterization in terms of heating performance and BTEX 

preconcentration of the different BTEX preconcentrator prototypes developed throughout this work. 

The analytical performances are evaluated in terms of linearity, detection and quantification limits, 

overall sensitivity considering the gaseous sample volume used, repeatability and reproducibility. 

In chapter 5, the adsorption/desorption of BTEX, formaldehyde and hexanal is investigated on 

different solid materials and the influence of the different textural and chemical properties affecting 
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adsorption is discussed. The results are discussed and compared with the literature in terms of 

quantity of VOC adsorbed per mass of adsorbent for a given gas concentration. 

Finally, in the last section, the general conclusions and future perspectives of this work are provided. 
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Chapter 1. Introduction and literature review 

Air pollution is a current environmental and global public health issue. In this chapter, a brief 

introduction about airborne pollutants, their related health effects and the current legislation is given 

to introduce the reader to the context of this research work. Afterwards, a summary of the most 

common methods for volatile organic compounds (VOC) detection followed by the state of art of 

gaseous micro preconcentrators is provided. Then, some technical background on general adsorption 

and desorption processes and, more specifically, VOC adsorption/desorption is presented. Finally, the 

objectives of this work are listed. 

1.1 Air quality  

Air pollution has become a growing concern in the past few years, with an increasing number of 

intense air pollution events in many cities worldwide. In 2016, it was estimated that about 91 % of 

people live in urban areas where the levels of pollutants exceed the World Health Organisation 

(WHO) guideline values [1, p. 10]. This continuous exposure to high levels of pollutants causes about 

7 million of premature deaths every year [2]. More of these deaths occur in low- and middle-income 

countries, mainly in Asia and Africa, followed by low- and middle-income countries of the Eastern 

Mediterranean region, Europe and the Americas. In the last years, a large amount of scientific 

evidence has demonstrated the link between air pollution exposure and the development of a large 

number of pathologies such as stroke heart disease, lung cancer, chronic obstructive pulmonary 

diseases and respiratory infections [3]–[6]. Additionally, air pollution has also notable economic 

impact due to the deterioration of public health, the decrease of the employees' productivity and the 

degradation of the environment. In that respect, environmental policies are being implemented to 

protect both human health and environment. However, to properly evaluate air quality (AQ) and 

thereby propose actions to improve it, more experimental AQ data are required, especially in less 

developed countries where the lack of these data is particularly notable. The type of pollutants found 

and their levels strongly depend on the investigated environment. Two main environments can be 

distinguished: outdoors and indoors. 
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1.1.1 Ambient air  

Ambient outdoor air pollution differs in composition and pollutants levels from indoor air pollution. 

Particulate matter (PM2.5 and PM10), ground-level ozone (O3), nitrogen dioxide (NO2), sulphur dioxide 

(SO2) and carbon monoxide (CO) are considered the five more common pollutants of ambient air 

according to the WHO and the United States Environmental Protection Agency (US EPA). Other 

pollutants such as VOC are also encountered but to a lesser extent compared to the abovementioned. 

In ambient air, the type of pollutants and their concentrations are closely related to the nature of the 

emission sources, the atmospheric conditions and the geographic location. 

The principal emission sources responsible for ambient air pollution are shown in Figure 1-1. Most 

pollutants are emitted by anthropogenic sources such as motor vehicles, heat and power generation 

plants, industrial facilities, municipal and agricultural waste treatment and cities [7]. Natural sources 

such as forest fires, wind erosion or volcanic eruptions also contribute to the degradation of air quality 

but to a much lesser extent compared to anthropogenic sources [7]. 

 

Figure 1-1. Main emission sources of ambient air pollution [8] 

Although most emissions of ambient air pollution are from local or regional sources, pollutants can 

travel long distances under certain atmospheric conditions. Therefore, ambient air pollution can affect 

people far away from its original emission source. Weather conditions can also drastically influence 

pollution levels, leading to serious pollution events such as the great smog of London in 1952. In this 

incident, a combination of cold weather and windless conditions with an anticyclone over London 
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city resulted in the formation of a thick layer of smog that lasted for five days. Recent studies suggest 

that more than 12,000 deaths could be attributed to this pollution event [9], [10]. Apart from 

meteorology, geographic location plays a major role in ambient air pollution. Cities surrounded by 

mountains such as Skopje, Sarajevo or the best-known example, Mexico, suffer from extremely high 

levels of pollution. The mountains act indeed as a barrier for the pollution, preventing the air renewal 

and thus promoting the accumulation of pollutants over the city. 

1.1.2 Indoor air  

The WHO established that about 3.8 millions of premature deaths per year are attributed to indoor air 

pollution. Therefore, indoor air quality has become an issue of major importance. Some research 

reported that people spend more than 80 % of time indoors [11] where the pollutant levels are usually 

from 2 to 10 times higher than outdoors [12], [13]. These pollutants can be classified according to their 

nature as biological (mold, mite), physical (particulate matter, asbestos) and chemical (CO, pesticides, 

VOC). Among the chemical pollutants, VOC are the most abundant in indoor air [14]. This group of 

molecules is defined by the European council as compounds having a vapour pressure of 0.01 kPa or 

more at 293 K. VOC includes a broad spectrum of molecules characterized by structures formed by 

carbon chains and, in some cases, other atoms like oxygen, sulphur, or nitrogen. This work is focused 

on the study of formaldehyde, hexanal and a family of aromatic compounds called BTEX (benzene, 

toluene, ethylbenzene and xylene isomers), presented in Figure 1-2. These compounds have adverse 

effects on human health, and are frequently encountered at high levels in indoor air [15]–[17].  

 

Figure 1-2. Structure of the molecules investigated in this work. 

A study in 22 dwellings in Strasbourg reported maximum concentrations of formaldehyde and 

hexanal ranging between 13.3-123.4 µg m-3 and 0-47.2 µg m-3, respectively. Higher levels up to 92 µg 

m-3 of hexanal were reported by Walgraeve et al. [18] in a study performed in 6 homes in Belgium. In 

this study, concentration of aromatic hydrocarbons was found to be up to 88 µg m-3 corresponding to 

25 % of the total VOC concentration. Significant levels of BTEX, hexanal and formaldehyde were also 
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detected in different environments worldwide, such as schools [13], [19], [20], universities [21], [22], 

coffee bars or farmer houses [23]. These results showed that regardless the country and the type of 

environment considered, VOC are always present. 

In general, a multitude of emission sources can be found in indoor air (see Figure 1-3). The major 

source are the activities carried out by the occupants such as cooking or smoking [24], [25]. In general, 

all the activities involving combustion processes such as lighting the fireplace [26], candles [27] or 

incense [28] are significant sources of BTEX. Other primary BTEX sources in indoor air are cleaning 

products, furnishings and building materials such as flooring materials, wall coverings, particle 

boards, adhesives, varnishes or paints [15], [29]–[31]. In general, BTEX emissions from these materials 

are usually more intense just after the fabrication and decrease over time. In France, since 1st January 

2012, building materials and furniture intended for indoor use must bear a label with information on 

the emission of volatile pollutants (Articles R221-22 to R221-28). For this label, the emissions of 10 

different VOC substances and the total amount of VOC have to be measured and classified into four 

categories from A+ (low emissions) to C (high emissions). The resulting label is given by the worst 

results among the 11 results taken individually. 

 

Figure 1-3. Main sources of indoor air pollution [32] 

Finally, the other crucial factor affecting indoor air quality (IAQ) is the rate of air exchange. The type 

and frequency of ventilation plays indeed a critical role in indoor air pollution. A clear example can 

be found in the study of the seasonal variation of IAQ conducted by Walgraeve et al. [18]. In this study, 

VOC levels up to 10 times higher were found during winter compared to summer and autumn. This 
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difference can be attributed to the less frequent ventilation during wintertime. Generally, an increase 

in the rate of air exchange leads to a strong decrease in the pollutant concentration since their 

concentration indoors usually exceeds that of outdoors. However, the ambient air contains different 

pollutants that could be transferred through the ventilation, thus being an additional source of 

pollutants in indoor air. 

1.1.3 Health effects 

In the last decades, plenty of research studies have been conducted to elucidate the health effects 

caused by air pollution. An increasing amount of scientific evidence has demonstrated the relationship 

between the exposure to air pollutants and harmful effects on human health [33] like headache, eye 

and nose irritation or the development of much serious pathologies such as asthma [34], allergy [35] 

or even cancer [36]. These effects depend on the pollutant, its concentration and the exposure time. In 

addition, it is difficult to assess the risks associated to air pollution since outdoor as well as indoor air 

contain a mixture of diverse pollutants that can provoke a synergic effect often called “cocktail effect”. 

Different pollutants may interact indeed with each other, enhancing the adverse effects than the sum 

of the effects produced by each single pollutant. Besides, health effects are influenced by many factors 

such as gender or age, the most vulnerable being children, women and elderly people [37]. The 

presence of cardiovascular or respiratory diseases may worsen the adverse effects of air pollution. 

Some of the main harmful effects of the pollutants investigated in this work are briefly presented 

below. 

Benzene 

Among BTEX, benzene is considered the most dangerous since it is classified as human carcinogen 

(Group 1) by IARC (International Agency for Research on Cancer). For this type of compounds there 

is no safe level of exposure, therefore, only an estimate of the risk associated to different concentrations 

can be provided. For example, a concentration of airborne benzene of 1.7 µg m-3 is associated with an 

excess lifetime risk of 1/ 100 000 [38]. 

Different routes of exposure can be used for benzene adsorption such as inhalation, ingestion, skin 

and eye contact. Once adsorbed, it is quickly distributed throughout the human body, especially in 

tissues rich in lipids like the liver or the bone marrow where it is transformed into primary metabolites 

such as phenol, catechol et hydroquinone. These substances are extremely toxic and are directly linked 
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to the development of carcinogenic process [39]. Their accumulation provokes the deterioration of the 

tissues that makes blood cells in bone marrow leading to the development of different types of 

leukaemia in case of long-term exposure. 

Toluene 

Toluene is classified as not carcinogenic to humans (Group 3) by IARC. However, other less serious 

consequences have been associated to toluene exposure like irritation to the eyes, nose, throat and 

respiratory tract and in the case of acute inhalation, drowsiness, or respiratory depression [40]. 

Chronic exposure can lead to the damage of the central nervous system and kidneys. Additionally, 

many studies reported the harmful effects of toluene exposure on pregnant women [41]–[43]. 

Therefore, toluene is classified in the EU as a reproductive toxicant, category 2 (hazard statement 

H361: suspected of damaging the unborn child). 

Ethylbenzene 

The carcinogenic effects of ethylbenzene are not firmly demonstrated, and it is classified as probably 

carcinogenic to humans (Group 2B). The exposure to high concentration of ethylbenzene can cause 

eyes and throat irritation and in the case of exposure to very high levels, it can lead to vertigo and 

dizziness [44]. 

Xylenes 

As toluene, xylenes are classified as not carcinogenic to humans (Group 3) by IARC. The principal 

health effects of xylene are related to the central nervous system and consist of headache, dizziness, 

nausea and vomiting [45]. Long-term exposure may lead to what is called "organic solvent syndrome" 

that involves irritability, insomnia, agitation, extreme tiredness, tremors and effects on short-term 

memory [46]. 

Formaldehyde 

Formaldehyde has attracted increasing attention due its frequent presence in indoor air. This 

substance is considered as carcinogenic (Group 1) by IARC since 2006. Especially, formaldehyde has 

been associated with the development of nasopharyngeal cancer [47], [48], [48]. Short-term exposure 

can provoke throat, nose and eye irritation and headache. More serious effects such as decreased 
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pulmonary function, lachrymation, pneumonia and asthma have been associated with long term 

exposure [49]. 

Hexanal 

Hexanal is a common pollutant encountered in indoor air. It is a colourless liquid with an intense 

odour that produces irritation of eyes, nose and throat when its concentration is above 10 ppm [50]. 

The most common exposure routes are via inhalation of ambient air, ingestion of food and drinking 

water, and dermal contact with consumer products containing this compound. Hexanal is not 

classified as carcinogenic by IARC. 

1.1.4 Legislation 

As illustrated in the above section, exposure to air pollution is associated to a multitude of pathologies 

in humans. Therefore, an extensive legislation concerning air quality has been developed in several 

countries to limit human exposure and protect public health. 

At a global level, indoor air quality guidelines are published by the WHO [51] in which benzene and 

formaldehyde are part of the “known pollutants” affecting IAQ. For the former, the exposure to 

benzene levels of 1.7 µg m-3 (0.52 ppb) may increase the risk of leukaemia to 1/100 000. Thus, no safe 

level of exposure can be recommended, and their indoor exposure levels must be reduced as low as 

possible. Conversely, a short-term guideline of 100 µg m-3 is recommended for formaldehyde as 

preventing sensory irritation in the general population. This threshold should not be exceeded at any 

30-minute interval during a day. The same value was adopted by the European Union for 

formaldehyde [38]. In Europe, however, a benzene threshold value of 5 µg m-3 has been established 

for long term exposure (1 year) [52].  

In France, legislation concerning indoor air quality in public buildings has become stricter. According 

to the Decree no. 2011-1727 of 2nd December 2011 [53], a limit value of 5 µg m-3 long-term exposure 

was set for benzene from 1st January 2013 and it was decreased to 2 µg m-3 from 1st January 2016. In 

the case of formaldehyde, a limit value of 30 µg m-3 was fixed for long-term exposure to formaldehyde 

from 1st January 2015 and it will be decreased to 10 µg m-3 from 1st January 2023. 

To check the compliance with this legislation, the measurements should be performed over two non-

successive weeks of children attendance. Since the concentration of these compounds can vary greatly 
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from season to season, the air quality should be evaluated over two different periods: cold season 

(between November and February) and warm season (in September/October or April/May depending 

on institutions). 

1.2 Methods for airborne VOC detection  

VOC are a group of highly reactive gaseous pollutants frequently found in indoor as well as outdoor 

air. These compounds play a crucial role in physico-chemical processes in the atmosphere since they 

contribute to the formation of ozone and other photochemical oxidants [54]. Moreover, it is known 

that VOC exposure causes adverse effects on human health. Many VOC are either known, or 

suspected to be, irritants, neurotoxins, allergens or carcinogens [6]. Therefore, to limit human 

exposure and implement effective strategies for pollution control, the identification and quantification 

of VOC is of particular importance. To this purpose, several methods have been developed to quantify 

airborne VOC concentrations.  

In this section, a review of the most common VOC analysis techniques is presented. These methods 

have been divided in two categories: chromatographic and spectroscopic methods. Most of these 

techniques require benchtop instruments whose features regarding, especially, sensitivity and 

reproducibility cannot be compared to those of their portable counterparts. Therefore, since one of the 

objectives of this research work is to develop a portable VOC analyser, a third category has been 

included to review the commercially available portable instruments for VOC detection.  

1.2.1 Chromatographic methods (GC-TCD/PID/FID/MS) 

Gas chromatography (GC) is an analytical separation technique widely employed in air quality 

analysis. The schematic diagram of a gas chromatograph is shown in Figure 1-4. The system is 

composed of three parts: an injector, a chromatography column placed inside an oven and a detector. 

In gas chromatography, a sample of a known volume is injected into a separation column where a 

carrier gas (usually an inert gas like helium, nitrogen or hydrogen) is continuously flowing through. 

The internal surface of the column is coated with a stationary phase that determines the separation 

properties of the column. Analytes contained in the sample interact with the stationary phase to a 

different extent depending on the strength of the interactions between them. The stronger the 

interaction, the more retained is the molecule and the longer is the time required for it to leave the 
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column, as illustrated in Figure 1-5. In this way, molecules are separated in the column arriving to the 

detector at different times, named retention times. Retention time is characteristic of each compound 

and it depends on the flow rate, the temperature and the characteristics (length, internal diameter and 

thickness) of the chromatography column. Once the analytes leave the column, they are quantified by 

means of a detector. Several detectors can be coupled to gas chromatography, and the choice will 

depend on the target compounds, the range of concentrations and the time resolution required. In air 

quality analysis, sensitive detectors with limit of detection (LOD) in the order of ppb or ppt are 

necessary. The most common detectors employed in gas chromatography are described below. 

 

 

Figure 1-4. Schematic diagram of a gas chromatograph [55] 

 

Figure 1-5. Analyte separation in a chromatography 

column [56] 

Thermal conductivity detector (TCD) 

The operating principle of a thermal conductivity detector (TCD) is based on the difference in thermal 

conductivity of a reference flow of carrier gas and the gas flow containing the sample. The presence 

of organic compounds usually reduces the total thermal conductivity of the sample gas flow, creating 

a difference between the conductivity of the reference and the sample flows that is measured and 

converted into a digital signal. Since most compounds produce a change in thermal conductivity, TCD 

is considered a universal detector. TCD is low cost, simple to use and has the advantage to be a non-

destructive analytical technique. Its poor sensitivity (~ ppm) compared to flame ionization detector 

(FID) or mass spectrometry (MS), however, limits its use in indoor air quality monitoring where the 

pollutant concentrations are generally in the range of ppb. 
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Flame ionization detector (FID) 

The working principle of a FID resides in the ionization of molecules, and in this technique, the energy 

source employed is a flame. Compounds leaving the chromatography column are burnt in a flame 

resulting from the combustion of hydrogen in air. Only organic compounds, especially hydrocarbons, 

will be ionized by the flame producing ions. The produced electrical current is proportional to the 

concentration of the compounds in the sample gas flow. This current is collected by an electrometer, 

converted and sent to an output device. FID are known for their high sensitivity having LOD in the 

range of ppb and even tens or hundreds of ppt. Additionally, they have a large linearity interval and 

low maintenance requirements. The main issues of these detectors are the operation and safety 

hazards associated to the use of hydrogen as a burner, implying the use of either a hydrogen generator 

or a hydrogen gas cylinder of high purity. 

Mass spectrometry (MS) 

Mass spectrometry (MS) is an analytical technique widely employed in the analysis of airborne VOC, 

particularly of complex mixtures, since it allows not only the quantification, but also the identification 

of compounds. In MS, the molecules are ionized by means of an ion source causing the molecules to 

become charged or broken into charged fragments. These fragments are introduced in an analyser, 

accelerated in an electric or magnetic field and separated according to mass-to-charge ratio due to 

their different amount of deflection. Depending on the type of ion source, VOC molecules yield 

characteristic fragmentation patterns enabling the identification of the analysed molecule. Finally, the 

beam of ions is detected electrically and converted into a digital signal which is proportional to the 

concentration of the analyte in the sample. MS, along with FID, in one of the most sensitive techniques 

(LOD ~ ppt) but with the additional advantage of a wider spectrum of compounds that can be 

measured. In contrast, ultra-high vacuum is required in the analyser for ions separation, which implies 

the need of primary and secondary vacuum pumps and extremely pressure tight and leak-free 

systems. 

Photoionization detector (PID) 

A photoionization detector (PID) uses an ultraviolet (UV) lamp to ionize organic compounds. 

Generally, any compound with ionization energy (IE) lower than that of the lamp photons can be 

measured. The resulting electrons and ions are collected on the electrodes, generating an electrical 
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current that is proportional to the concentration of the ionized molecules in the sample. Usually, the 

commercial UV lamps are of 9.6, 10.0 or 10.6 eV, enabling the ionisation of several VOC compounds 

including aromatics and certain aldehydes. The main drawbacks of this technique are the regular 

maintenance of the UV lamp and the low selectivity due to the broad range of compounds with low 

IE. However, selectivity can be enhanced when the PID is coupled to a GC column, allowing the 

individual quantification of each compound. Moreover, PID are able to measure VOC over a wide 

range of concentrations (from ppb to ppm) and can be highly sensitive with LOD down to 0.5 ppb 

[57]. This type of detector is not destructive, enabling the coupling of other detectors to increase the 

range of VOC measured.  

In this work, a miniPID was the detector selected for the compact BTEX analyser developed due to its 

reduced dimensions, simplicity of operation and suitability to detect the target compounds in the 

desired range of concentration. 

1.2.2 Non-chromatographic methods 

Other non-chromatographic methods such as spectroscopic methods are also used for VOC detection, 

but generally to a lesser extent than the techniques based on gas chromatography. Some of these 

techniques are based on the interaction of matter with electromagnetic radiation [58]. They have low 

LOD and relatively high time resolution; however, the large size and weight of most of these 

instruments limit their application for on-site measurements. Furthermore, their price is generally 

higher than those based on gas chromatography. The most commonly employed non-

chromatographic techniques are briefly presented below. 

Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) 

Proton-transfer-reaction mass spectrometry (PTR-MS) is a relatively new technique for VOC trace 

detection by combining chemical ionization and drift tube technologies. In this method, an ion source 

generates H3O+ ions that ionize VOC molecules by proton transfer reactions inside a drift tube. 

Subsequently, the ions are separated and detected by a mass spectrometer. It is considered a highly 

sensitive technique with LOD ranging from 10 to 100 ppt. Additionally, it provides a fast response 

time of nearly 1 s [59] allowing real-time measurements. Apart from the price, the principal technical 

limitation of this technique resides in the lack of discrimination between compounds having the same 

molecular weight, i.e. ethylbenzene and xylene isomers. 
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Differential Optical Absorption Spectroscopy (DOAS) 

Differential optical absorption spectroscopy (DOAS) is a method frequently employed in atmospheric 

chemistry to measure concentrations of trace gases [60]. It is based on the analysis of the UV to visible 

absorption spectrum of a gas sample over a long path. As VOC molecules travel along this path, they 

leave a specific molecular absorption imprint that can be mathematically extracted and compared to 

a reference, enabling the determination of the VOC concentrations [61]. Optical paths are usually 

between several hundred meters up to 20 kilometres [62], [63] resulting in very low LOD for VOC 

ranging from ppb to ppt. Therefore, this technique is suitable for real time measurement of airborne 

pollutants at trace concentrations. Apart from the price and the size, their main limitations are the 

attenuation of UV light due to the absorption of oxygen, ozone or other VOC present in the ambient 

air [64] and the need of regular calibration to ensure reliability of the data owing to the sensitivity 

between pixels over time [65]. 

Infrared (IR) spectroscopy 

Infrared (IR) spectroscopy is an analytical method based on the molecular absorption of IR radiation. 

IR light is passed through a gaseous sample and the difference between the emitted and the detected 

light is measured. The IR absorption spectrum of a molecule in the infrared range, i.e. from 0.7 µm 

(near-IR) to 1000 µm (far-IR), provides information about the concentration and the structural 

properties of the VOC molecules. In this spectrum, the existence of absorption bands at certain 

frequencies or wavelengths is associated with the presence of functional groups in the structure, and 

the intensity of the signal is related to the concentration of the molecules. The LOD for most VOC 

varies from 0.1 to 20 ppm [66]. Nevertheless, this sensitivity can be enhanced to the ppb range by 

integrating with Fourier transform technology (FT-IR) [67]. Difficulties have been encountered for the 

analysis of complex mixtures since overlapping of peaks belonging to different gaseous molecules can 

lead to non-negligible errors in the VOC quantification [68]. The other major limitation of this 

technique is the size and the high cost of the equipment due to the price of optical components, such 

as light sources, photo detectors, and lenses. In addition, liquid nitrogen is often needed to reduce the 

detector noise, implying a continuous and regular maintenance. 
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1.2.3 Portable devices for air quality monitoring 

Due to the growing concern about air pollution, legislation in this area is becoming more restricted, 

leading to an increasing need of on-site measurements for air quality monitoring. To this purpose, 

several portable devices for VOC monitoring have been developed in the last years. In Table 1-1, a 

summary of the most relevant commercially available portable and transportable devices for VOC 

monitoring is presented. 

As it is obvious from the table, most of the portable instruments for VOC detection are based on GC 

coupled to a PID. This technique is easy to implement, and components have a moderate cost in 

comparison with other techniques such as the spectroscopic methods. Additionally, these devices can 

achieve LOD in the order of ppb without preconcentration step, and can operate within a wide range 

of temperature and relative humidity conditions, making them a practical option for BTEX analysis 

although this kind of detector is quite specific to aromatic species and cannot detect all the VOC. 

Current legislation set a threshold limit value of 1.6 ppb and 0.6 ppb for benzene in public buildings 

in the European Union and France, respectively. Only HAPSITE® ER, µBTEX-1 and Pyxis GC are able 

to detect the concentration established by the European legislation and only two of them meet the 

requirements of the recent French regulation indicating that sensitive analysis with portable 

instruments still remains a challenging issue. On the other hand, the most portable instrument, i.e. 

VOC TRAQ II, only provides a total VOC measurement since no separation step is integrated in this 

system. Usually, higher sensitivity is associated to longer analysis times and bulky instruments, as in 

the case of HAPSITE® ER where the LOD is in the ppt range but its weight of 19 kg is at the limit of 

what can be considered portable. Pyxis GC and µBTEX-1 are certainly the best compromises between 

reasonable weight and high sensitivity. Furthermore, their times of analysis vary between 10 to 15 

min, allowing the elaboration of concentration-time profiles that are of vital importance in the 

identification of pollution sources and the quantification of the occupational exposure. The only 

disadvantage of these instruments is the limitation of target compounds to BTEX unlike other 

technologies based on MS or IR, which then are able to detect a broad spectrum of VOC. It is important 

to mention that significant progress has been made in recent years to reduce the gas consumption of 

the instruments. Currently, the trend in portable chromatography is the use of ambient air as carrier 

gas, eliminating the need of pressurized gas cylinders and increasing portability. 



  

 

 

 

 Chapter 1: Introduction and literature review 

 
18 

 

  

Table 1-1. Commercially available portable instruments for VOC detection  

Reference 
Analysis 

Technique 
Carrier gas and 

consumption (mL/min) 
LOD  Analysis time  

Target 
compounds 

Autonomy 
(h) 

Dimensions 
h × w × d (cm) 

Weight 
(kg) 

MX908 [69, p. 908] HPMS n. r. 10 to 50 ppba s - min 
Explosives, 

CWA, drugs  
> 3 29.8 × 21.6 × 12.2 3.9 

HAPSITE® ER [70] GC/MS N2 

 
~ ppt (most 

analytes) 
 

< 10 min 
VOC, TIC, CWA, 

SVOC 

 
2-3 

 
46 × 43 × 18 

 
19 

 

GX-6000 [71, p. 6000] PID n. r. 
10 ppb 

(benzene) 
1 (TVOC) 

n. a. Benzene + VOC 14 20 × 6.8 × 5.2 0.4 

PHA-100  [72] FOCS  
< 10 ppm 
(xylene) 

~ min  
C6 and  

higher MW  
8 30 × 25 × 18 4.5 

BTEX Mod. 530 [73] GC- FID/PID 
H2: 30, Air: 300 

N2: 10  
0.1 µg/m3 15 min BTEX n. a. 25 × 48 × 56 15 

VOC-TRAQ II [74] PID -- 0.5 ppb ~ s Total VOC -- 
9.1 × 2.5 (length × 

diameter) 0.054 

DX 4040 [75] FT-IR n. r. 
100 ppb (BTEX) 
> 10 ppb (VOC) 

1 min 
Organic and 

inorganic gases 
2.5 16.1 × 39 × 40.6 13.8 

PID analyzer [76] GC PID n. r. ~ ppb n. a. BTEX and VOC n. a. n. a. 7 

FROG 4000[77] GC-PID A. A ~ ppb 5 min BTEX and VOC 6 
 

25.4 × 19.1 × 36.8 
 

2.2 

µBTEX-1 [78] GC-PID N2: 2.5 1 ppb (benzene) 10 min BTEX > 4 32 × 28 × 15   6 

PyxisGC [79] GC-PID A. A 

0.05 ppb 
(benzene) 

30 min 

BTEX n. a. 42.5 × 32.5 × 18 11.5 
0.3 ppb 

(benzene)  
15 min 

HPMS: High-pressure mass spectrometry; FOCS: fiber optic chemical sensor; CWA: chemical warfare agents; TIC: toxic industrial chemicals; SVOC: semi-volatile organic 

compounds; MW: molecular weight; n. a.: information not available; A.A.: ambient air; n. r.: not required; .aReal time mode; 
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Nevertheless, there are still some portable GC devices using nitrogen, but the consumption has 

considerably decreased (~ mL/min) compared with the previous generation of portable gas 

chromatographs (~ 10 - 50 mL/min), increasing the autonomy of the current devices. This autonomy 

is, nowadays, limited by the energy consumption of such instruments. Most of current portable VOC 

analysers are battery-powered; however, the autonomy is generally limited from 2 to 6 h, preventing 

their use for long periods without power supply. Recent trends in portable devices to reduce energy 

consumption consist of eliminating the functionalities related to the data display and treatment from 

the instrument, resulting in less energy-consuming components such as screens or electronic cards. 

Instead, the devices are connected to a cloud where the data can be treated, stored and easily accessible 

via phone, tablet or PC. 

In conclusion, great efforts have been made in the last decade to develop sensitive VOC portable 

analysers for air quality monitoring; however, there is still room for improvement, especially in terms 

of sensitivity, range of detected compounds, size and autonomy. 

1.3 Gaseous VOC Preconcentrators: state-of-the-art 

In the last decades, much research has been dedicated to shed light on the serious health effects caused 

by air pollution [4], [80]. As a consequence of these studies, most European countries have become 

aware of the importance of air quality and more stringent indoor air quality regulations are being 

established. In France, such regulations set the exposure limits for formaldehyde and benzene in 

indoor air of public buildings to 30 µg m-3 (24.4 ppb) and 5 µg m-3 (1.6 ppb), respectively. For benzene, 

even stricter limits of 2 µg m-3 (0.6 ppb) are set since 2018 (Decree No. 2011-1727 of 2 Dec. 2011). 

Therefore, a very sensitive analysis is required to check if IAQ in public buildings is in accordance 

with the new legislation. Miniaturized detectors or sensors are usually employed in transportable and 

portable analytical instruments but their LOD are in the order of 1 ppm. In these instruments, 

preconcentration devices are typically integrated to decrease the LOD to ppb levels required for on-

site VOC monitoring. 

1.3.1 Principle of thermal desorption 

Preconcentration devices consist of a cavity filled or coated with an adsorbent to capture VOC 

molecules. The working principle of preconcentrators (PC) is based on the adsorption of VOC 
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followed by the thermal desorption of gaseous molecules from the adsorbent (see Figure 1-6). First, a 

given volume of sample flows through a solid adsorbent either by active flow using an air pump or 

through passive exposure. The analytes are then captured on the adsorbent. This step is typically 

conducted at room temperature or, in some cases, down to -30 °C to promote the analytes adsorption. 

The preconcentrator is then rapidly heated to relatively high temperatures (200 - 350 °C) and the 

molecules are desorbed into a much smaller volume, thus increasing the analytes concentration in the 

sample prior to the analysis. Afterwards, a carrier gas directs the preconcentrated sample to the 

chromatography column for analytes separation.  

 

Figure 1-6. Working principle of a µGC [81] 

In this regard, the efficiency of the preconcentration step depends on several factors: 

- The physico-chemical properties of the adsorbent that determines the total amount of analyte 

adsorbed and the strength of adsorbate-adsorbent interactions: a well-chosen adsorbent is 

supposed to trap all the targeted gaseous molecules; 

- The kinetics of the desorption process; 

- The experimental conditions employed: the adsorption/desorption gas flow rates and the 

heating rate; 

- The dead volume of the setup. 
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The experimental setup, the conditions and the preconcentrator itself are completely different in each 

study, rendering difficult the comparison of different PC in terms of preconcentration performances. 

The performance of any preconcentration technique is generally characterized by a figure of merit 

called preconcentration factor 2�34. Several definitions are adopted for �3, as for example the ratio 

between the initial concentration of the sample and the concentration after the desorption [82]. �3 can 

be also calculated as the ratio between the peak areas obtained with the empty PC and the PC filled 

with the adsorbent [83], [84]. Other authors determine �3 as the ratio between the peak area obtained 

with and without PC [85], [86], which is close to the very first definition above. In this work, this 

method has been adopted since it allows comparing the analytical performances of a GC system 

without and with preconcentration step, and thus quantifying the improvement over the original GC 

version. However, although �3 is frequently used to characterize the PC performance, it is not an 

intrinsic property of the preconcentrator itself [87]. Regardless the definition adopted, it depends on 

several factors such as analyte concentration, sampling time, flow rate, desorption temperature, 

heating rate and system dead volume. The preconcentration step is schematized in Figure 1-7.  

 

Figure 1-7.Diagram of adsorption-desorption cycle 

Considering the diagram of an adsorption-desorption cycle and the conservation of mass, the 

preconcentration process can be roughly described by the following equation [88]:  

5676�6 8 59	79�9 Eq. 1-1 

Where 56 is the initial concentration, 76 is the adsorption time, �6 is the flow rate during adsorption, 

59 is the average concentration after desorption, 79 is the desorption time and �9 is the flow rate during 



  

 

 

 

 Chapter 1: Introduction and literature review 

 
22 

 

  

desorption. Since �3 can be defined as the ratio between the initial concentration and the 

concentration after desorption, �3 can be calculated as follows: 

�3 8 5956 8
76�6
79�9 Eq. 1-2 

Since the objective of preconcentration is to increase the sensitivity of a method and therefore to 

maximize �3, the most favourable experimental conditions to improve this factor can be easily 

inferred from Eq. 1-2. For the adsorption, long sampling times and high flow rates are obviously 

preferred to inject the maximum amount of analytes. However, close attention should be paid to not 

exceed the breakthrough capacity of the adsorbent under the experimental conditions selected, to 

avoid non-quantitative sampling. For desorption, low flow rate and short time are desired to generate 

a very sharp analyte pulse ensuring a maximum concentration. To achieve a complete desorption in 

a very short time, the optimal temperature for desorption of analytes must be rapidly reached. 

Therefore, the faster the temperature ramp, the better. 

In the GC system employed in this work, the desorption flow rate was fixed to 2.5 mL/min since the 

carrier gas of the GC column was used to inject the concentrated sample into the column. However, 

other aspects have been improved through this research work to increase the performances of the 

preconcentration step. For example, a reduction of heat capacity to speed up the temperature increase 

and, consequently, the time needed for a complete desorption. Several flow rates were tested to 

determine the maximum adsorption flow rate without analytes breakthrough. Finally, dead volumes 

of the setup were minimized as much as possible to avoid dilution before quantification. 

1.3.2 Recent developments and trends in miniaturized gas preconcentrators 

Because of the high demand of sensitive analytical instruments, several gas preconcentrators have 

been developed in the last decades for a wide variety of applications such as early cancer diagnosis 

[89]–[91], air quality monitoring [92]–[94], personal exposure [93], [95], [96], explosives and warfare 

agents detection [84], [97]–[99]. In this section, the most recent developments on VOC 

preconcentrators are reviewed in detail and their main characteristics, performances and future 

challenges are presented. 
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The first preconcentrators were developed in the 1980s. These tube-shaped devices were made of 

stainless steel or glass and usually filled with granular carbon or polymer-based adsorbents, i.e. 

Carbopack and Tenax®, whereas the heating system consisted of a metal wire coiled around the tube 

[100], [101]. Nowadays, similar models are commercialised for sampling applications (see Figure 1-8). 

These devices had large dead volumes and high heat capacity, which resulted in a limited heating 

efficiency and high-power consumption. To overcome these limitations, MEMS techniques began to 

be used for the fabrication of analytical devices. In 1999, the first MEMS-based PC was developed by 

Casalnuovo et al. [102] as a part of µChemLab™, a miniaturized GC for the detection of chemical 

warfare agents (CWA) and explosives. The PC consisted of a polymer-coated micro hotplate with Pt 

heaters, as displayed in Figure 1-9.  

 

Figure 1-8. Sampling tubes commercialised by Sigma 

Aldrich [103] 

 

Figure 1-9. Schematic view of the first MEMS PC with a 

cavity etched by deep reactive ion etching (DRIE) 

The use of MEMS technology opened new avenues concerning the development of analytical devices 

since they allowed to significantly reduce the size, the thermal mass and the power consumption of 

these devices. From that moment, multiple MEMS-based preconcentrators were developed with a 

wide variety of microstructures and geometries exhibiting great performance with very low power 

consumption. They were integrated into portable GC systems, leading to a considerable improvement 

of the sensitivity of these instruments. The use of these devices, however, presented also several 

drawbacks. For example, the materials typically employed for the fabrication, i.e. silicon and glass, 

are fragile and expensive. Due to their fragility and small dimensions, there are almost not 

commercially available fluidic and/or electrical connections, which often leads to leakages and renders 

difficult their integration in GC systems. In addition, the fabrication process requires suitable facilities 

(cleanroom) and high level of expertise, which results usually in an expensive and time-consuming 

process. All the foregoing, together with the difficulty to produce reliable and reproducible systems, 

has delayed their commercialisation. However, since demand for air quality monitoring is constantly 

increasing, the current trend is to fabricate more robust and low-cost devices able to demonstrate 
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satisfactory performance for a reasonable price. Although most of the preconcentrators reported in 

the literature are still fabricated using MEMS techniques, even if in the last years, some PC have been 

fabricated using other techniques. A summary of the most significant portable GC including a PC 

developed in the last 5 years is presented in Table 1-2.

1.3.2.1 Materials used 

Ideally, the material employed for the fabrication of a PC should be thermally resistant to preserve its 

structure after several adsorption-desorption cycles. In addition, it should enable an effective heat 

transfer from the heating system to the adsorbent to promote a fast desorption of analytes. In this 

regard, a low heat capacity is also desired to allow a fast temperature ramp. MEMS technology has 

been widely used for the fabrication of PC; therefore, most of these devices are made of materials 

related to the electronics industry. So far, silicon has been the most employed material due to its 

relatively high thermal conductivity and the variety of techniques for its bulk micromachining. For 

example, wet etching using hydrofluoric acid or KOH serves to create microfluidic cavities and 

channels in silicon at a relatively low cost compared to other etching techniques [110], [115]. However, 

the most widespread technique is the deep reactive ion etching (DRIE) that offers the possibility to 

build high-aspect-ratio structures such as cavities, channels and pillars of different geometries as 

shown in Figure 1-10a. Although DRIE process is extremely slow for etching glass, this material has 

been nevertheless largely employed to fabricate preconcentration devices. Indeed, other techniques 

such as sandblasting [116] or wet etching with hydrofluoric acid [110] have been used for glass 

micromachining. Despite some PC entirely made of glass, in most cases, glass is used as a cover to 

seal the microfluidic cavity since it allows to see the inside of the device and can be bonded to silicon 

by an ordinary anodic bonding process. Besides, sandblasting enables to quickly create through-holes 

suitable for the integration of fluidic connections such as capillary tubes. Laser etching technology, 

milling or metal 3D printing techniques have been recently employed for PC fabrication. These 

techniques provide the possibility to use more robust materials such as copper [123] or stainless steel 

[105] at a lower cost (see Figure 1-10b and 1-10c). Furthermore, better gas tightness compared to 

MEMS-based devices is expected since their dimensions are generally larger and these materials can 

be machined to integrate standard fluidic connexions. However, larger dimensions involve higher 

heat capacity, resulting in high power requirements and slow temperature increase. 
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Table 1-2. Summary of micro preconcentrators developed in the last years 

Reference 
Target 

compounds 
Adsorbent

s 
PC Microstructure and dimensions 

l (mm) × d (µm) × w (mm) 
Materials 

Heating 
system 

Power cons. (W) / 
Heating rate (°C s-1) 

Detector and 
LOD (ppb) 

Application 
field 

[104] BA, EB,p-X Tenax-TA  
Cavity filled with U-shaped  

micropillar array 
Si-glass - - FID - 

[96] 
PEMM-2 

9 VOC 
C-B 2.0 mg 
C-X 2.3 mg 

2 Cavities (V∼4.7 µL) 
20 mm (l) × 15 µm (d) × 9 cm (w) a 

Si-glass Pt 1 / - 
µCR array 

16−600 
Environmental 

monitoring 

[105] Toluene 
HayeSep D 

119.9 mg 
Tube with cylindrical micro-pillars 

38.68 mm (l) × 7.69 mm (o. d.) 
Stainless 

steel 
NiCr 
wire 

14.6 / 1.8 MS - 

[86] 
Ethane 

 
CNT 
Foam 

Rectangular cavity 
13 mm (l) x 1.5 mm (d) x 11 mm (w) 

Si-glass Pt 4.8 / 25 FID 
Breath 

analysis 

[85] Isoprene 
C-X 

20 mg 

Manifold-shaped with 
4 µchannels of 

12.6 mm (l) x 2.5 µm (d) x 16 mm (w) 
Copper Ceramic 10.14 / 5.5 

FID 
0.016 

Breath 
analysis 

[89] 4 VOC 
Zeolite 

DaY 
~13 µm 

Cavity with micro-pillars 
10 mm (l) × 400 µm (d) × 5 mm (w)  

Si-glass - - 
MOS 

5 – 2515 
Breath 

analysis 

[106] BTEX Tenax TA 
Tappered cavity 

21 mm (l) × 400 µm (d) × 7.6 mm (w) 
Si-glass Pt  -/ 19 MS 

Breath 
analysis 

[107] Ethylene 
CBS-II 
1.187 g 

Manifold shaped cavity 
61 mm (l) × 5.5 mm (d) × 23 mm (w) 

Ceramic Tungsten 18 / 0.25 EC 
Food industry, 
environmental 

monitoring 

[108] 
Benzene, 
toluene,  
styrene 

SWCNT 
0.15 mg 

Four parallel channels of 350 µm (d) 10 
mm (l) with micropillars 

Si-glass - - PID 
Environmental 

monitoring 

[109] BTEX 
EtQxBox 

10 mg 
Parallel channels 

25 mm (l) × 1.3 mm (d) × 12 mm (w) 
Si-glass Pt - / 50 

PID 
1.25 b 

Environmental 
monitoring 

[110] 12 VOC 
Tenax TA 
∼7 mg 

Square cavity 
 2.54 cm (l) × 2.54 cm (d) (whole chip) 

Glass 2.8 / 17.6 - 
FID 
22 

- 

[83] 
Toluene, 
m-xylene 

Tenax-TA 
~3.7 µm  

 

Tappered cavity with  
micropillars 

9 mm (l) × 400 mm (d) × 5 mm (w) 
Si-glass Gold  -  / 75 FID - 
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[111] Ethylene 
CBS-II 

191.0 mg 
8 parallel channels  

40.0 mm (l) × 0.9 mm (d) × 2.0 mm (w) 
Glass-Si-

Glass 
Tungsten  - 

EC 
3.8 

Food industry 

[81] 
7 VOC 

including 
BTX 

Carbon 
film 

Cavity with micro-pillars 
10 mm (l) × 250 mm (d) × 2 mm (w) 

Si-glass 
NiCr 
wire  

 
CMOS 

15 (1,3,5- 
TMB) 

Breath 
analysis 

[112] Acetone 
CBX 1012 

~ 4 mg 
Spiral microchannel  

 120 mm (l) × 0.35 mm (d) × 0.35 mm (w)   
Si-glass Pt 4.52 / - 

SCGSA 
800  

Breath 
analysis 

[112][113]113(
Michoń et 

al., 
2016)(Micho
ń et al., 2016) 

Acetone 
CBX 1018 

0.95 - 
11.3 mg 

Tube 
0.2 mm (i.d.) × 0.4 mm (o.d.) × 46.8 mm (l)  

Glass 
Ni-Cr 
wire  

8.57 / - SCGSA 
Breath 

analysis 

[112] Acetone 
CBX 1018 

0.95 - 
11.3 mg 

Tube  
0.7 mm (i.d.) × 1.2 mm (o.d.) × 38.2 mm (l) 

Stainless 
steel 

Ni-Cr 
wire 

17.67 / - SCGSA 
Breath 

analysis 

[92] Benzene 
HKUST-1 ~ 

30 mg 
Hotplate 

3 mm (l) × 3 mm (w) 
Alumina Alumina  0.43 / - MOX 

Environmental 
monitoring  

[114] 4 VOC CB + Tenax 
Tubular rolled plate 
140 mm (l) × 600 (w) 

Polyimide 
foil 

Gold 1.7 / 40 PID 
Explosives 
detection, 
security 

[115] Hexane 
Silicalite 1 

4.4 mg 
Tapered cavity (A) 

~54.0 mm (l) × 10 mm (w) 
Si-glass Gold 8 / - MS 

Occupational 
exposure 

[115] Hexane 
Silicalite 1 

4.1 mg 
Tapered cavity (B) 

~54.0 mm (l) × 10 mm (w) 
Si-glass Gold 8 / - MS 

Occupational 
exposure 

[115] Hexane 
Silicalite 1 

4.6 mg 
Tapered cavity with pillars (C) 

~54.0 mm (l) × 10 mm (w) 
Si-glass Gold 8 / - MS 

Occupational 
exposure 

[115] Hexane 
Silicalite 1 

4.7 mg 
Tapered cavity with pillars (D) 

~54.0 mm (l) × 10 mm (w) 
Si-glass Gold 8 / - MS 

Occupational 
exposure 

[116] 19 VOC C-B + C-X 
U shape 

n.d. (l) × 300 mm (d) × 1350 mm (w)   
Glass Pt 10.5 / 46  

Capacitive  
10 – 2 

(BTEX) 

Environmental 
monitoring 

[117] 50 VOC 
C-B 

1.135 mg 
Tappered cavity 

8.15 mm (l) × 250 mm (d) × 2.9 mm (w)   
Si-glass Pt - / 314 PID 

Environmental 
monitoring, 

food industry, 
biomedicine  
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[118] Benzene 
SWCNTs 
(0.15 mg) 

4 microchannels  
400 µm (d) × 1000 µm (w) 

Si-glass Pt  - / 3.5 PID 
Environmental 

monitoring 

[119] 6 VOC 
Tenax TA 
~200nm 

Square cavity pillars  
10 mm (l) × 240 mm (d) × 10 mm (w)   

 
Si-glass Ni  16 / - 

TCD 
∼	1 ng  

Environmental 
monitoring 

[120] 17 VOC  
C-X 1.4 mg 
C-B 2.0 mg  

2 tapered cavities  
380 µm deep  

Si-glass Pt - / - FID 
Occupational 

exposure 

[84] ONT 
Zeolite 

DaY  
2.25 mg 

Rectangular cavity with pillars 
5 mm (l) × 400 mm (d) × 10 mm (w)  

Si-glass Pt - / - 
MOX  
365 

Explosives 
detection 

[121] 10 VOC  

C-B 3 mg  
C-X 2 mg 
C1000 1 

mg  

Tube  
1.2 mm (i.d.) × 8 cm (l) 

Stainless 
Steel 

NiCr 
wire  

- / 75 
PID 

0.02 - 0.36  
Environmental 

monitoring 

[122] TCE 
C-X ~2.3 

mg 
Tapered cavity with pillars  

3.2 mm (l) × 3.5 mm (w) 
Si-glass Pt  - / 314 

ECD 
1.2  

Environmental 
monitoring 

[98] 
2,4-DNT, 2,3-
DMNB, 2,6-

DNT 
C−B 2.4 mg 

Tapered cavity  
3.2 mm (l) × 3.5 mm 

Si-glass Gold - / 314 0.067- 0.30 
Explosive 
markers 

C-B Carbopack™ B; C-X: Carbopack™ X; CBS-II: Carbosieve® II; CBX 1012: Carboxen® 1012; CBX 1018: Carboxen® 1018; C1000: Carboxen 1000; CNT Carbon nanotubes; QxCav: Quinoxaline bridged Cavitand; b: 

benzene; o.d.: outer diameter; i.d. inner diameter; CR: chemiresistor; MOS: Metal Oxide Semiconductor; CD: Capacitive Detector. CMOS: Complementary Metal Oxide MOX: Metal Oxide sensor; EC: electrochemical 

sensor; SCGSA: semiconductor gas sensor array; ECD: electron-capture detector;BA: butyl acetate; EB: ethylbenzene; p-X: p-xylene; 1,3,5 – TMB: 1,3,5-trimethylbenzene; ONT: orthonitrotoluene; TCE: trichloroethylene; 

2,4-DNT: 2,4-dinitrotoluene; DMNB: 2,3-dimethyl-2,3-dinitrobutane; 2,6-DNT: 2,6-dinitrotoluene. 
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Other materials such as ceramics have been also employed for the fabrication of micro 

preconcentrators as displayed in Figure 1-10d [107], the use of ceramic technology reducing the 

manufacturing time and costs. Camara et al. [114] reported the use of more alternative materials such 

as polyimide foil for the fabrication of a PC (see Figure 1-10e). The main advantages of using this 

material are the low cost and easy processing since cleanroom facilities are not needed. Additionally, 

these PC are flexible, and the diameter of the inlet/outlet can be adjusted to work at higher flow rates, 

up to 1.5 L/min, much larger than in their silicon counterpart.  

 

Figure 1-10. Micro preconcentrators made from diverse materials: (a) silicon-glass [89], (b) cooper [123], (c) stainless 

steel [105], (d) ceramics [107] and (e) polyimide foil [114] 

1.3.2.2 Microstructures designs 

According to their microstructure, preconcentrators can be divided into planar hotplates and three 

dimensional (3D) structures [124]. At first, most of PC consisted of a planar surface coated with an 

adsorbent selective to the target molecules, as shown in Figure 1-11. These devices had dead volume 

and the adsorption capacity was limited since only the surface of the adsorbent was exposed to the 

analytes. To overcome these limitations, 3D preconcentrators were later developed and currently, 

almost all the developed devices are 3D. To ensure a good performance of these 3D PC, several aspects 

should be considered for the design: uniform flow distribution inside the device, low pressure drops, 

large contact surface and long contact time between the adsorbate and the adsorbent to increase the 

probability of the molecules to be adsorbed and trapped. 
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Figure 1-11. Schematic representation of a planar PC. Reprinted from [125] 

In this regard, several geometries such as circular spiral [112], array of parallel channels [85], [94], U-

shaped channel [116] have been reported for preconcentration devices, as shown in Figure 1-12. 

 

Figure 1-12. Preconcentrators with different geometries: circular spiral (a) [112], array of parallel channels (b) [85] and 

U-shape cannel (c) [116]. 

 

Some of the one-single channel designs often shows relatively high pressure drops; hence, designs 

leading to lower pressure drop, such as a wide rectangular cavity connected to inlet and outlet 

channels [96], [107], [115], [126] are usually preferred. In these microdevices, prior to fabrication, flow 

simulations are frequently conducted to estimate the pressure drop and optimize the distribution of 

the gas flow. Li et al. [90] performed computational fluid dynamics (CFD) simulations and 

demonstrated the influence of the inlet angle on the flow field near the inlet (see Figure 1-13a). They 

reported that uniform gas flow velocity distribution can be achieved when the inlet and outlet 

triangular angles are smaller than 120°. Hence, it is very common to observe triangular inlets/outlets 

of these characteristics in micropreconcentrators [81], [83], as depicted in Figure 1-13b. Camara et al. 

[127] significantly improved the distribution of the gas flow in single channel preconcentrators by 

integrating a manifold fluidic system at the inlet/outlet of the device. Therefore, similar geometries 

have been later adopted by other authors [85], [89], [126], [128]. This type of system consists on the 
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split of the inlet/outlet channel in two channels and finally form a total of 16 narrow channels 

connected to a microfluidic cavity where the adsorbent is placed, as shown in Figure 1-13c. 

Different microstructures are often found inside the adsorbent cavity. Their main function depends 

on the type of adsorbent employed. In PC filled with granular adsorbents, the presence of 

microstructures can improve the flow distribution without significantly reducing the amount of 

adsorbent that can be hosted [84]. 

 

Figure 1-13. (a) Flow simulation in a PC with inlet/outlet angle > 120 ° [90]; (b) Preconcentrator containing micropillars 

and having inlet and outlet angles > 120 ° [81]; (c) Pressure (green) and flow velocity (blue) simulations in a PC 
with inlet/outlet manifold fluidic system [127] 

Since most of the adsorbents have a low thermal conductivity, these structures serve to promote a 

more efficient heat transfer to the adsorbent bed [105]. In the case of thin films adsorbents, 

microstructures have a strong influence in preconcentration performance [129]. It is known that this 

type of adsorbents has a limited adsorption capacity due to the reduced surface exposed to the 

analytes. Therefore, the presence of microstructures inside the microfluidic cavity greatly increases 

the exposed surface, and additionally optimizes the path followed by the gas molecules, thus 

increasing their contact time with the adsorbent. Larger contact surface and longer residence time 

result in higher preconcentration performance due to the higher probability of the gas molecules to 

be adsorbed. 

Alfeeli and Agah [129] studied the influence of the shape and the spacing of micropillars in 

preconcentration performance. Crisscross shaped pillars were found to be more efficient in terms of 

�3 than ordered and staggered pillars. This PC contained more than 3500 micro pillars with 

dimensions of 30 µm ⨯ 120 µm ⨯ 240 µm and had a double inlet/outlet (see Figure 1-14a). The device 

was coated with 2,6-diphenylene oxide polymer (Tenax TA) and �3 >10 000 was found for 

isopropanol. However, a great amount of 3D microstructures embedded within a microcavity can lead 

to high pressure drops. To minimize this increase, a low pressure drop design was proposed by Alfeeli 
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et al. [130]. This design consisted of an array of U-shaped pillars embedded within a 7 mm ⨯ 7 mm ⨯ 

0.38 mm cavity. These pillars were arranged to divide the gas flow in the forward direction and 

combine the resulting two flows in the reverse direction, as displayed in Figure 1-14b. The spacing 

between the reflectors (side and middle spacing) was varied to investigate its effect on the device 

performance. The pressure drops of different pillars arrangements were investigated at a flow rate of 

1.5 mL/min. The configuration with 300 and 150 µm of middle and side spacing, respectively, 

exhibited a pressure drop as small as 94 Pa. This configuration has been recently employed for the 

quantification of butyl acetate, ethylbenzene and p-xylene [104]. 

 

Figure 1-14. Preconcentrator containing crisscross shaped (a) [129] and U-shaped (b) [104] pillars 

1.3.2.3 Heating system 

During the preconcentration step, a very fast temperature ramp is needed for the flash desorption of 

analytes; therefore, the heating system is considered a key component of these devices. Faster is this 

rate, sharper the desorption peak and, thus, higher sensitivity and better chromatographic resolution 

can be achieved. However, since these devices are integrated in portable instruments and most of 

them are battery-powered, the energy required for a flash desorption of analytes should be limited to 

tens of watts. Hence, a compromise between heating performance and energy consumption is usually 

adopted. To this purpose, a wide variety of materials has been employed for the fabrication of these 

systems, as depicted in Figure 1-15. 

Originally, the heating system of the first PC consisted of metal wires coiled around the devices [101]. 

Although some of these systems continue to be used today, the number of portable devices including 

this type of system is very small [81], [112], [121]. The material traditionally employed for these metal 

wires is Ni-Cr because of its high resistivity and almost constant temperature coefficient of resistance 
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(TCR) with temperature. These features render this alloy suitable for heating and temperature 

measurement applications [105]. Tzeng et al. [81] developed a micro gas chromatograph (µGC) 

containing a MEMS PC coiled by a 6 Ω Ni-Cr wire for the detection of seven VOC associated with 

lung cancer. Jian et al. [121] employed the same heating system for a stainless steel tubular PC 

integrated in a µGC. This configuration required 12 V DC to reach 320 °C in less than 4 s. Nowadays, 

most of devices are fabricated by MEMS techniques integrating in-situ the heating systems. These 

systems consist of layers of resistive and conductive metals to form the resistive heater and the contact 

pads, respectively. Techniques such as e-beam evaporation [83] and sputtering [106], [110] are 

commonly used for metal deposition of a wide range of metals. Among them, platinum is one of the 

most used material in micro preconcentrator heating systems [84], [106], [116], [120], [131]–[133]. 

Similarly to Ni-Cr, platinum has a relatively high resistivity and constant TCR, rendering it suitable 

to act both as a heater and a temperature sensor. Heating rates from 3.5 to 314 °C s-1 have been reported 

in micro preconcentrators having heaters made of platinum. Although this metal presents better 

adherence to substrates than other metals, a metal layer such as titanium [106], [116], [122], [132] or 

chrome [134] is often employed to improve its adhesion to the substrate. Other less common metal 

combinations have been employed for the fabrication of heating systems like chromium-tungsten 

[110], chromium-nickel [119] and chromium-gold [98], [115]. Despite their widespread use, metal 

deposition processes by means of e-beam evaporation or sputtering are often tedious, and they 

involve the use of several photomasks. Kuo et al. [83] proposed to use electroless plating technology 

for the deposition of gold layers. This much simpler technique is based on the chemical reduction of 

gold and allows depositing high surface area gold layers on the surface of microchannels. Heating 

rates up to 75 °C s-1 were achieved in these devices. 

 

Figure 1-15. Diverse heating systems found in micropreconcentrators: (a) Ni-Cr wire [81], (b) gold layer deposited by 

electroless plating technology [83], (c) platinum heater [112] and (d) gold layer deposited by electron beam [115]. 
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Heating systems consisting of metal layers are generally very effective for miniaturized devices; 

however, their fabrication requires cleanroom facilities and the resistances are relatively fragile. Since 

the layers are very thin, high voltages lead to a considerably deterioration of the heater due to high 

current density [119]. Furthermore, sometimes the adhesion to the substrate is not adequate and the 

metal layers can detach from the surface after several heating/cooling cycles. As alternative to the use 

of metal deposition, some groups have employed commercial ceramic heaters. Han et al. [85] reported 

the fabrication of a metal PC using ceramic heaters. This device reached 200 °C in 32 s with 10.14 W 

of supply power. These heaters provide reasonable heating power at a very low cost.  

1.3.2.4 Adsorbent Materials  

Apart from the previous specifications required and detailed above, a great part of the PC 

performance relies on the adsorbent employed. Their textural properties and chemical affinity to 

analytes will be determinant indeed for the efficiency of the adsorption/desorption process. In this 

regard, the desired features for an adsorbent are: 

- Selectivity towards the target compounds. Ideally, the adsorbent should capture only the 

analyte of interest. In practice, the adsorption of a single compound is usually very challenging 

but during the preconcentration, some interfering species can be eliminated.  

- High specific surface area. A large number of adsorption sites generally increases adsorption 

capacity and prevents early breakthrough. 

- Moderate strength interactions with the adsorbate, enabling considerable adsorption and 

breakthrough capacity at room temperature and desorption at reasonable higher 

temperatures. 

- Preservation of performances with regeneration cycles. A PC is expected to be continuously 

used; therefore, its performances must last throughout time. 

- Low pressure drops and good thermal conductivity to minimize energy consumption and 

promote the fast desorption of analytes.  

Traditionally, adsorbents have been distinguished in two categories: granular and thin films, although 

recently a new category of foam adsorbents is being developed. These three groups are displayed in 

Figure 1-16.  
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Figure 1-16. Schematic diagram of different categories of adsorbents employed in micro preconcentrators: (a) granular, 

(b) thin film and (c) foam adsorbents. Reprinted from [86] 

 

Granular adsorbents have generally higher capacity than thin films since the grains are compactly 

packed, thus occupying almost all the volume available inside the PC. However, the complete filling 

of the microfluidic cavity usually results in high pressure drops. Most of these adsorbents are 

introduced inside the PC by suction [83], [110], [114], [128]. The other common method is to introduce 

a liquid dispersion [84], [134] in which adsorbent particles are suspended in a volatile solvent. The 

dispersion is inserted in the microfluidic cavity by depression and the solvent is then evaporated at 

room temperature. Graphitised carbon blacks are traditionally used for VOC preconcentration due to 

their hydrophobic character, which make them ideal candidates for VOC sampling in humid 

environments. Among them, the most common are Carbopack® B, which is recommended for the 

capture of C5-C12 molecules such as isoprene [123], and Carbopack® X, which is more suitable to trap 

C3-C9. Since these adsorbents are appropriate to trap compounds of intermediate volatility, they are 

considered to have medium strength. Most commonly, a combination of both adsorbents is employed 

to enlarge the range of analytes trapped [96], [116], [120]. Qin and Gianchandani [116] use this 

combination of adsorbents to preconcentrate a mixture of 19 VOC including aromatics, alkanes and 

halogenated compounds. Lee et al. [117] preconcentrate a gas mixture containing 50 VOC that is 

subsequently separated and detected by four independent GC columns and PID detectors. Carbon 

molecular sieves containing micropores are the adsorbents preferred for the trapping of very volatile 

compounds (C2-C5). These materials are considered as strong adsorbents. Carbosieve® II has been 

used for the preconcentration of ethylene [107], [111]. Rydosz et al. [112] used Carboxen 2012 for the 

preconcentration of acetone. A combination of molecular sieve with graphitised carbon blacks can be 

employed for the preconcentration of molecules differing in volatility. Jian et al. [121] developed a 

preconcentrator containing 3 mg of Carbopack® B, 2 mg of Carbopack® X, and 1 mg of Carboxen® 

1000 for the analysis of 10 VOC mixture. In these cases, particular attention should be paid to the 

location of the adsorbents and the flow direction. Analytes of medium volatility are strongly adsorbed 

in molecular sieves, thus rendering difficult the subsequent desorption. Therefore, for sampling, 

adsorbents should be placed from the weaker to the stronger while the desorption should be carried 
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out in the opposite direction. Porous polymers as HayeSep® [135] and Tenax® [106], [110] are also 

commonly employed in preconcentration devices. Chappuis et al. [106] employed this latter polymer 

for the preconcentration of volatile tobacco markers. McCartney et al. [110] reported the 

preconcentration of a wide variety of VOC with a low cost PC filled with Tenax. Using this device, 

LOD down to 22 ppb were achieved with only 2 min of sampling. Metal organic frameworks such as 

HKUST-1 (commercially available as Basolite™ C300) have been used for the preconcentration of 

aromatic compounds [92], [126]. 

A general issue in gas preconcentration is the lack of selectivity of the employed adsorbents, which 

leads to the preconcentration of analytes but also interfering species. To tackle this issue, Zampolli et 

al. [94] synthetized in 2009 a quinoxaline based adsorbent named QxCav (see Figure 1-17a) for the 

selective preconcentration of aromatics compounds. This adsorbent has cavities of 8.3Å in which 

BTEX are adsorbed by means of weak CH–π interactions with the walls, whereas other non-aromatics 

molecules such as aliphatic compounds and water vapour are not retained. The same group recently 

developed an improved version of the adsorbent called EtQxBox [109], which structure is displayed 

in Figure 1-17b. In this complex, aromatics are selectively adsorbed and, additionally, toluene, 

ethylbenzene and xylene (TEX) are bind more strongly than benzene. The difference in the strength 

of interactions renders possible the benzene desorption at lower temperatures compared to TEX. This 

singularity allows the separation of analytes during the preconcentration step by control the 

temperature ramp and thus a GC column is no longer needed for the analysis. 

 

Figure 1-17. QxCav (a) and EtQxBox (b) cavitands employed for the selective preconcentration of aromatic compounds. 

Reprinted from [109] 

As it has been presented, granular absorbents are widely employed in µPC; however, their use is 

associated with high pressure drops. Additionally, heat transfer from the device to the adsorbent and 

between adsorbent particles is usually very poor, thus affecting the desorption rate. To decrease the 

pressure drop and improve the heat transfer, thin film adsorbents are thus employed. This type of 
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adsorbents is generally introduced into the microfluidic cavity in a suspension of a specific 

concentration followed by the evaporation of the solvent, leaving a film on the inner surface of the 

cavity [83]. Gregis et al. [89] employed a dispersion of a commercially available dealuminated zeolite 

(DaY) in ethanol to deposit a uniform 13 µm thick film. This system allowed the detection of toluene, 

o-xylene, propanol and cyclohexane at the low ppb levels, except for the cyclohexane. Other types of 

materials such as single-walled carbon nanotubes (SWCNT) have been deposited inside a micro PC 

for the quantification of VOC at trace levels [108], [118]. The use of this adsorbent is advantageous due 

to the large aspect ratio, high effective surface area, chemical and thermal stability and 

hydrophobicity. Other films have been synthetized inside the preconcentration device itself. For 

example, Tzeng et al. [81] and Wong et al. [136] presented in-situ-synthesized carbon adsorbent films 

for VOCs analysis. To this purpose, cellulose was inserted in a microfluidic cavity and then pyrolyzed 

at 600 °C under a nitrogen atmosphere to form the porous carbon film. This resulting adsorbent had 

a specific surface area of 308 m2 g-1 and the whole system exhibited a preconcentration factor of 13,637 

for toluene. Almazán et al. [115] synthetized silicalite-1 inside of micro PC with diverse 

microstructures. These microstructures increased the inner surface of the PC and thus the amount of 

zeolite deposited compared to the empty PC. All PC filled with zeolite thin films showed higher 

preconcentration efficiency than their fixed bed counterpart, due to the uniform zeolite distribution 

along the inner surface. This homogeneity improved the gas–solid contact and thus 

adsorption/desorption processes and heat transfer. To increase the inner PC surface, Zhao et al. [104] 

proposed the formation of silicon nanowires as a surface template prior to the deposition of Tenax® 

inside the cavity. The use of this template increased the preconcentration performance of more than 

188 % for butyl acetate compared to the PC only filled with Tenax®. 

To improve the amount of adsorbent inside the cavity without greatly increasing the pressure drop, 

foam adsorbents have been recently developed. Lee and Lim [86] employed a carbon nanotube (CNT) 

foam for the preconcentration of gaseous ethane. For comparison purposes, the same PC was filled 

with Carbosieve™ SIII. Pressure drop was measured in both devices for flow rates from 1 to 5 mL 

min-1. Pressure drops using the molecular sieve varied from 2,061 to 9,919 Pa whereas it was more 

limited with the CNT foam, where pressure drops ranged between 445 to 2,078 Pa. Therefore, the use 

of this adsorbent decreased of five times the pressure drops inside the PC.  
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Figure 1-18. (a) Thin film layer of zeolite Day [89] and (b) CNT foam [86] 

 

1.3.2.5 Applications 

In the last decades, the quantification of a wide variety of VOC molecules has generated considerable 

research interest. These molecules are very often found at trace levels; therefore, µGC integrating PC 

units have been developed for a broad spectrum of applications. One of the main applications is the 

air quality monitoring. Since it has been known that some gaseous compounds commonly present in 

indoor air have harmful effects on human health, diverse research groups have developed portable 

analytical systems for air quality monitoring. Wang et al. [96] developed a belt-mountable µGC 

prototype to monitor personal exposure able to analyse a sample containing a mixture of 21 VOC in 

3.5 min. This system has a LOD from 16 to 600 ppb depending on the compound. Trzciński et al. [109] 

reported the fabrication of a sensor prototype for environmental benzene monitoring. The PC 

integrated in this system contains an adsorbent that selectively desorbs benzene over other larger 

molecules, i.e. toluene, ethylbenzene and xylenes.  

More recently, portable analytical systems for the detection of explosives or warfare agents have been 

also reported. Since these compounds easily degrade into a variety of species, the analysis is focused 

on these by-products instead of the explosive molecule itself. Mohsen et al. [84] designed a µGC for 

the detection of an explosive-related compound, namely ortho-nitrotoluene. The system consisted of 

a silicon PC and a GC column coupled to a chemical gas sensor and allowed to detect up to 365 ppb 

of this compound in the presence of interfering compounds such as toluene and water. Collin et al. 

[98] presented a very compact GC for the quantification of 2,4,6-trinitrotoluene (TNT) derived 

products. For 1 L sample, LOD of 0.30, 0.067, and 0.12 ppb were achieved for 2,3-dimethyl-2,3-

dinitrobutane (DMNB), 2,6-dinitrotoluene (2,6-DNT) and 2,4-dinitrotoluene (2,4-DNT), respectively.  

Recent progress in medicine showed that some VOC are biomarkers of certain diseases [137]. These 

biomarkers are present in human breath at the ppb level; therefore, an accurate and sensitive analysis 
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in near real time may constitute a non-invasive method for early diagnosis of these serious diseases. 

To this purpose, several µGC integrating PC units have been developed. Gregis et al. [89] reported a 

µGC to monitor four biomarkers associated to lung cancer, namely propanol, toluene, o-xylene and 

cyclohexane. This system exhibited LOD of 24 , 5, 21 and 112 ppb for toluene, o-xylene, propanol and 

cyclohexane, respectively. The LOD obtained for the first three compounds was maintained even in 

samples containing CO2 and water levels similar to those found in real human breath samples.  

Han et al. [123] reported a low cost PC for the preconcentration of isoprene which is one typical 

biomarker for the chronic liver disease found in human breath. Isoprene concentrations as low as 10 

ppb can be achieved when this PC is coupled to a GC-FID. Despite the great advances made in the 

last years, high concentration of CO2 (~ 40,000 ppm) and a relative humidity of 100 % at 25 °C present 

in human breath make that accurate analysis of human breath still a challenge. 

1.4 Sorption/Desorption of VOCs  

This section provides some scientific background about general adsorption process and, more 

specifically VOC adsorption, to help understanding the developed research work. 

Sorption is a physical and/or chemical process of fixation of a substance (sorbate) by another substance 

in liquid or solid state (sorbent). Sorption describes two processes: adsorption, in which a substance 

is attached to the surface of another, and absorption, in which one substance enters within the bulk of 

another substance. Since in this work, only the adsorption of gaseous species on solid adsorbents has 

been studied, only the principles of the adsorption process for a solid-gas system are presented in this 

section. Additionally, the features of different adsorbents employed for VOC adsorption and the 

adsorption behaviour of the investigated VOC according to their structure and properties will be 

discussed.  

1.4.1 Theoretical background 

Adsorption is a phenomenon in which an adsorbate (gas, liquid or a dissolved solid) is attached to a 

surface (generally, a solid). This work is focused on the adsorption of gaseous organic compounds on 

solid surfaces. Obviously, this process is the result of the forces of attraction between the gas molecules 

and the atoms being part of the solid. According to the nature of these interactions, two types of 

adsorption can be distinguished: physisorption and chemisorption. 
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Physisorption (an abbreviation of “physical adsorption”) occurs when gas molecules are attached to 

a surface by means of Van der Waals interactions. These interactions are weak and the desorption 

energy when a particle is physisorbed is of the same order of magnitude as the enthalpy of 

condensation, typically in the range of 20 kJ/mol [138]. Such small interaction does not lead to a bond 

breaking, resulting in a rapid and reversible process in which the physisorbed molecule maintains its 

own structure.  

By contrast, in chemisorption (an abbreviation of “chemical adsorption”) gas molecules are attached 

to the surface by chemical bonding causing changes in the structure of the adsorbate like in a chemical 

reaction. As chemical bonds must be formed, chemisorption is a highly specific process and it requires 

an activation energy. Consequently, the energy released when a chemisorbed molecule is desorbed is 

much greater than when it is physisorbed, exhibiting values around 200 kJ/mol.  Due to these high 

binding energies, chemisorption is a non-reversible process.  

In general, enthalpy of adsorption is the criterion employed to distinguish between the two types of 

adsorption. When enthalpy of adsorption is higher than -25 kJ/mol, it corresponds to a physical 

adsorption process whereas enthalpies lower than -40 kJ/mol are considered to represent 

chemisorption [138].  

In most cases, adsorption is an exothermic process in which the amount of energy released depends 

on the adsorbate-adsorbent interactions, and in the case of high surface coverage, adsorbate-adsorbate 

interactions as well. Indeed, at high surface coverage, adsorbate molecules interact together, so that, 

if the particles repel each other, the adsorption process will be less thermodynamically favourable, 

and the enthalpy of adsorption will be less negative. Consequently, the adsorption will be less 

exothermic as the coverage increases [138]. 

Adsorption isotherms models 

During the adsorption process, free gas and adsorbed gas are in dynamic equilibrium, as can be 

represented by the following equation: 

� + � ⇆ ��2�+���	�4 Eq. 1-3  

where � is a free gaseous molecule, � is an unoccupied site on the adsorbent surface and �� represents 

the adsorbed gaseous molecule. According to Le Chatelier’s principle, when a system at equilibrium 
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is subjected to a change in concentration, temperature, volume, or pressure, the system changes to 

reach a new equilibrium. If pressure increases, the equilibrium changes to decrease the total number 

of gaseous molecules leading to an increase in the adsorption. To study the adsorption equilibrium, a 

representation of the surface coverage, which is the ratio between the occupied adsorption sites and 

the total number of adsorption sites, or the amount of gas adsorbed at equilibrium as a function of the 

gas partial pressure at a given temperature, called adsorption isotherm, is typically used. 

 

Figure 1-19. Example of adsorption isotherms at different temperatures from the lowest (black line) to the highest  

(green line). 

An example of adsorption isotherms at different temperatures is presented in Figure 1-19.  As can be 

observed, in all cases, surface coverage θ increases with increasing partial pressure � until saturation 

pressure �� is reached, which means that all the adsorption sites are occupied. From that point, no 

more adsorption occurs. The shape of the isotherm plot provides information about the porosity of 

the solid and the strength of adsorbate-adsorbent interactions. Several models based on different 

assumptions have been proposed to describe adsorption isotherms. The three most known models are 

described below. 

Freundlich model 

In 1909, Freundlich proposed an empirical equation describing the quantity of gas adsorbed by a solid 

with pressure at a constant temperature [139]. This equation is known as the Freundlich Adsorption 

Isotherm and it has the following form:  

�
?� 8	���

6 @AB  Eq. 1-4 
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where � is the mass of the adsorbed gas, ?� is the mass of adsorbent, � is the partial pressure at 

equilibrium of the adsorbed gas and �� and �� are Freundlich constant and the exponent of non-

linearity, respectively, whose values depend upon adsorbent and gas at a given temperature. It is 

important to mention that Freundlich isotherm is an empirical model and it does not have any 

theoretical basis. This model correctly describes the relationship of adsorption with pressure at low 

values but at higher pressures it shows significant deviations. The plot of this isotherm at different 

values of �� is presented in Figure 1-20.  

 

Figure 1-20. Freundlich isotherm at different nf values [140] 

Langmuir model 

The Langmuir adsorption model is the most common model used to quantify the amount of adsorbate 

adsorbed on an adsorbent as a function of partial pressure at a given temperature. It is based on the 

following hypotheses: 

- The adsorbent surface is homogeneous and consists of a certain number of active sites that are 

energetically identical. 

- At maximum adsorption, only a monolayer is formed. 

- There is no lateral interaction between the adsorbed molecules, thus the ability of a molecule 

to adsorb at a given site is independent of the coverage. 

For the adsorption process presented in Equation Eq. 1-3 , the equilibrium is reached when the rate of 

adsorption, "�, equals the rate of desorption, "#. Therefore, the rate of change of surface coverage C 

due to adsorption is proportional to the partial pressure, �!, of gas B and the number of active free 

sites, D21 F C4, where D is the total number of sites, resulting in Eq. 1-5. 
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GC
G7 8 "��!D21 F C4 

Eq. 1-5 

On the other hand, the rate of change of C due to the desorption is proportional to the number of 

adsorbed molecules, DC, as follows: 

GC
G7 8 F"#DC 

Eq. 1-6 

At equilibrium, surface coverage is constant and thus, both equations are equal to zero. Solving θ, 

Langmuir isotherm is obtained: 

C 8 	 H6I	H  where � 8	 JKJL Eq. 1-7 

An example of this equation is plotted in Figure 1-21. As it can be inferred from the representation, 

surface coverage increases when pressure increases until saturation pressure is reached, and all the 

available sites are occupied.  

 

Figure 1-21. Example of Langmuir isotherm at different values of K [141] 

Since in Langmuir model it is assumed that at maximum adsorption only a monolayer is formed, 

when the equilibrium is reached, the amount of adsorbed adsorbate corresponds to the monolayer 

capacity. 

Brunauer, Emmet and Teller (BET) model. 

The main limitation of Langmuir adsorption model was the assumption of the monolayer adsorption 

which is not realistic. To overcome this constraint, Stephen Brunauer, Paul Hugh Emmet and Edward 

Teller [142] proposed a multilayer adsorption theory based on the following assumptions: 
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- Gas molecules physically adsorb on a solid in layers infinitely 

- There is no interaction between each adsorption layer 

- The Langmuir theory can be applied to each layer 

Basically, this theory establishes that Langmuir equation can be applied to each layer with the only 

difference that for the first layer the heat of adsorption may have a different value and for all 

consecutive layers it is equal to the heat of condensation of the liquid adsorbate. BET isotherm is 

represented by the following equation: 

.
MN2.O.P4 8	

6
MQ	 +	

2	O64
MQ	 R

.
.PS  Eq. 1-8 

where -. is the volume of gas adsorbed at partial pressure �, -/ is the volume of gas required to form 

a monolayer, � is a constant related to the energy of adsorption of the first layer, � is the partial 

pressure at equilibrium and �� is the saturation pressure.  The main characteristic of BET isotherms is 

that -. rises indefinitely as the pressure increases because there is no limitation in the amount of 

adsorbed gas due to multilayer adsorption.  

Type of adsorption isotherms  

As explained before, adsorption isotherm is a representation of the gas adsorption on a material at a 

fixed temperature as a function of the adsorbate relative pressure (..P), which corresponds to the ratio 

of partial pressure over its saturation pressure. The shape of this plot is, therefore, related to the 

porosity of the material since this feature defines the way in which the gas is adsorbed. Hence, IUPAC 

(International Union of Pure and Applied Chemistry) has proposed a general classification based on 

the shape of the isotherm (see Figure 1-22). The six types of isotherms proposed are typically 

associated to adsorbents that are microporous (type I), nonporous or macroporous (types II, III, and 

VI), or mesoporous (types IV and V). 

Type I is the Langmuir type and it is usually found in microporous solids. These isotherms are 

concave and have a steep initial region due to very strong adsorption in the micropores. They are 

characterized by approaching a limit value when ..P ~ 1.  This value corresponds to the complete 

adsorption of the monolayer (-/).  
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Type II is characteristic of non-porous or macroporous solids. As can be observed in Figure 1-22, the 

isotherm tends to increase infinitely because of multilayers formation. There is an inflection point 

called “Point B” that corresponds to the total monolayer coverage (-/); from this point multilayer 

adsorption begins. 

Type III is exhibited by non-porous solids. This isotherm is convex over its entire range. Type III and 

V are characteristic of weak gas-solid interactions, this weakness leading to a limited adsorption at 

low pressures but once the first monolayer is adsorbed, the adsorbate-adsorbate forces encourage the 

adsorption of further molecules. Indeed, in this type of isotherm, lateral interactions between 

adsorbed gas molecules are stronger than the adsorbate-adsorbent interactions. 

Type IV and Type V isotherms can be found in mesoporous solids. The difference between these two 

types is analogous to that observed between Types II and III. The first part of Type IV isotherm follows 

the same path as type II until the monolayer saturation (B point). After this point, capillary 

condensation begins in the narrowest pores and it continues until saturation pressure, at which the 

widest pores are filled, is reached. As explained above, Type V isotherm is indicative of weak gas-

solid interactions, therefore, the initial part of the plot is similar to type III isotherm. As the relative 

pressure approaches 1, an abrupt rise indicates the condensation of adsorbate gas to liquid. 

 

Figure 1-22. Types of adsorption isotherms according to the IUPAC classification [143] 

In case of isotherms for mesoporous or macroporous materials, desorption curve does not follow the 

adsorption plot resulting in a hysteresis loop. This loop represents the capillary condensation of the 

adsorbate in the multilayer region. 
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Type VI isotherm is typically observed in non-porous solids. The plot exhibits several steps whose 

sharpness depends on the system and the temperature. This isotherm corresponds to a gradual 

adsorption by layers where monolayer capacity for each adsorbed layer can be determined by the 

height of each step.   

1.4.2 VOC Adsorption on different materials 

A broad range of materials of different nature has been employed for VOC adsorption. As mentioned 

before, adsorption is a surface process, therefore, the surface and textural properties of the solid such 

as the total specific surface, the pore volume, size and structure or the presence of functional groups 

play an essential role in this process. In this section, five groups of materials commonly used for VOC 

adsorption and the relationship between their diverse structures and adsorption properties are 

presented. 

1.4.2.1 Carbon-based adsorbents 

Carbon-based adsorbents have been typically used for VOC trapping. There is a large number of 

different types of carbon-based adsorbents but only the three most known categories are presented 

below. 

1.4.2.1.1 Activated Carbon (AC) 

Activated carbon (AC) is a type of carbon derived from charcoal that has been physically or 

chemically processed to have very small pores. This elevated degree of microporosity leads to an 

extremely high surface area available for adsorption or chemical reactions and thus, an outstanding 

adsorption capacity. Typical specific surface areas vary between 500 and 1000 m2/g, but reach up to 

3,000 m2/g in some cases. Activated carbon fibres (ACF) have been widely employed for benzene and 

toluene adsorption [144], [145] since they present elevated specific surface areas, high micropores 

volumes and low pressure drops [146]. Generally, AC surface is hydrophobic; thus, these materials 

have commonly been used for the adsorption of molecules of similar polarity such as aromatics or 

long chain alkanes. For example, the adsorption of benzene and its derivatives is especially favoured 

due to the π-interactions between the aromatic rings and the graphene layers [147], [148]. AC 

adsorption capacity of aromatics can be enhanced by treating the surface with sulfuric acid due 

to an increment of the microporosity and low micropore volume resulting from this treatment. 
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Indeed, [149] reported an increase of 18% and 47% in toluene and benzene adsorption capacities on 

sulfuric treated AC compared with that on the standard AC. This increase in the adsorption was due 

to the increment of porosity of the AC and the number of surface oxygen groups available on the free 

surface, demonstrating that surface chemistry plays an important role in VOC adsorption on activated 

carbon [150], [151]. Besides, several studies reported also the use of activated carbons for adsorption 

of polar compounds such as aldehydes or ketones [152]. Generally, the adsorption of these compounds 

on AC is limited due to the different polarity between the adsorbate and the adsorbent. Therefore, 

surface functionalization is usually performed to increase the affinity of the AC surface to polar 

compounds. In general, the functionalization of AC results in a reduction of the specific surface area 

[153] but, in exchange, specific adsorption sites are created. Tang et al. (2016) observed a significant 

enhancement on AC adsorption capacity towards acetone and isopropanol when increasing of oxygen 

functional groups on the ACs surface [153]. Similar results were observed by Ortmann et al. [154] 

when they used AC and ordered mesoporous carbon-based adsorbents containing high amounts of 

surface oxygen groups for the adsorption of acetaldehyde and hexanal at low concentrations. 

Interestingly, AC modified by magnesium oxide have demonstrated extraordinary adsorption 

capacity of (432.7 mg/g) towards acetone due to strong chemisorption between MgO nanoparticles 

and acetone molecules. A recent study performed by molecular simulation evaluated the influence of 

pore size and functional groups on benzene, toluene, acetone and methanol adsorption on activated 

carbons [155]. It demonstrated that the addition of functional groups such as carboxyl or amino groups 

are a key parameter on acetone and methanol adsorption whereas they have little influence towards 

the adsorption of aromatics compounds on AC. In conclusion, AC are a group of adsorbents suitable 

for the adsorption of a wide range of VOC due to their high surface area and easily tuneable surface 

chemistry. 

1.4.2.1.2 Graphitized Carbon Black (GCB) 

Graphitized carbon blacks (GCB) are materials produced by the incomplete combustion of 

heavy petroleum products. The graphitization process results in a highly pure surface with great 

adsorption and desorption properties. GCB are hydrophobic, non-porous and non-specific 

adsorbents. The surface interactions with adsorbates are based on London forces; thus, they exhibit a 

medium adsorptive strength enable to trap VOC from C3 to C20. They are characterised by a specific 

surface between 10 and 100 m2/g and a relatively high thermal stability (up to 400°C). Among the 

commercially available GCB, the most commonly used are Carbotrap™ and Carbopack™ from 
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Supelco since they are employed in the EPA method TO-17 for the determination of VOC in ambient 

air using active sampling onto sorbent tubes.  These carbons have been also employed in VOC 

preconcentration devices. Wang et al. [133] reported the integration of a preconcentrator containing 

Carbopack X and Carbopack B in a wearable GC for the detection of complex VOC mixtures at sub-

ppm levels. Usually, GCB are combined with carbon molecular sieves to enlarge the range of VOC 

trapped to light VOC (C2-C5). Tian et al. [156] were able to quantify a mixture of 100 ppb of 30 common 

organic vapors containing alkanes, aromatics, and ketones by integrating a microfabricated 

preconcentrator-focuser filled with Carbopack B, Carbopack X, and Carboxen 1000 into a µGC.  

1.4.2.1.3 Carbon Molecular Sieves (CMS) 

Carbon molecular sieves (CMS) are carbonaceous materials prepared by the controlled pyrolysis of a 

polymeric precursor. This process yields microporous materials with high specific surface area 

ranging between 200 and 1200 m2/g. CMS are considered as very strong adsorbents enabling to trap 

even the most volatile compounds (C2 to C5). As well as the other carbon-based adsorbents, CMS are 

hydrophobic, and they can be used for VOC removal in humid environments. The main application 

is the separation of C1–C3 hydrocarbons, small polar molecules and inorganic gases; the most known 

is the separation of nitrogen from air [157], [158]. Most known commercial CMS are Carboxen® and 

Carbosieve® with tapered pores and non-tapered pores, respectively.  

Adsorption of less volatile compounds with more than 5 carbons is not recommended since they 

cannot be desorbed efficiently at reasonable temperatures. For this reason, CMS are commonly 

combined with GCB adsorbents in thermal desorption tubes widening the range of VOC adsorbed 

[159], [160]. In these tubes, the adsorbents are placed according to their adsorption strength, the 

weakest being placed in first position for the adsorption step (sampling) and CMS in the last position. 

The thermal desorption is always performed in the opposite sense of the sampling to prevent that the 

less volatile compounds are adsorbed irreversibly on CMS. Like GCB, CMS are usually employed in 

preconcentration devices [156]. 

1.4.2.2 Porous polymers 

Porous polymers are very often used for VOC adsorption. In general, they have moderate specific 

surface areas and low maximum operating temperatures compared to other materials, as they usually 
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decompose at temperatures around 250°C. There are several commercially available porous polymers. 

A brief description of the most commonly used is given below.  

Tenax™ is a hydrophobic porous polymer based on 2,6-diphenyl-p-phenyleneoxide. It is one of the 

most employed polymers for trapping medium to high boiling temperature VOC and is used in EPA 

Method TO-17. There are two main types: Tenax™ TA ~ 35 m2/g (350 °C temp limit) and Tenax™ GR 

which is a composite material with a slightly smaller specific surface (~ 25 m2/g) containing 70 % of 

Tenax™ TA and 30 % of graphite carbon. The addition of graphite to the traditional Tenax™ TA 

broadens the spectrum of adsorbed compounds possibly trapped including those with low boiling 

point.  

HayeSep™ is a copolymer of divinylbenzene and ethylene glycol methacrylate, for which several 

series have been developed. Depending on the series (A, B, C, Q, T, R, N, DB), the specific surface area 

can vary from 250 to 795 m2/g. Since there are polymers, the maximum operating temperature is 

relatively low, ranging from 165 to 290 °C. It is why they are mainly used for chromatographic 

columns in gas chromatography in order to ensure the gaseous species separation. 

Porapak™ adsorbents are mostly copolymers of polydivinylbenzene (DVB) like ethylvinylbenzene 

(Q series), vinyl pyrollidone (R series), vinyl pyridine (S series) or ethylene glycol methacrylate (T 

series) presenting mesopores and/or micropores. They are similar to HayeSep™ in terms of specific 

surface area (150 – 550 m2/g) and maximum operating temperature (190 – 250 °C). They are commonly 

used for chromatographic separation of different groups of compounds such as acids, hydrocarbons, 

ethers, esters, alcohols and ketones, depending on the selected series. 

1.4.2.3 Mesoporous Silica 

Mesoporous silica are a relatively new group of materials with a wide range of applications including 

catalysis, drug delivery, waste water remediation [161] and indoor air cleaning [162], [163]. These 

materials show highly ordered pores and they are composed by a framework of silicon and oxygen 

atoms arranged in different structures forming a wide variety of pore geometries (hexagonal, cubic, 

cylindrical, etc.). By varying the synthesis conditions, several particles morphologies as rods or 

spheres can be achieved and functional groups can be incorporated onto the pore walls. 

Functionalization has been extensively used in mesoporous silica to increase their selectivity towards 

a broad variety of compounds of interest in numerous applications such as drug delivery [164]–[166], 
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water treatment [167], [168] or catalysis [169]–[171]. So far, a broad array of ordered mesoporous silica 

such as MCM, KIT, SBA or FDU has been developed; some of their structures are presented in Figure 

1-23. Among these materials, SBA-15 and MCM-41 are the most commonly employed for VOC 

adsorption. 

 

Figure 1-23. Different structures of mesoporous silica [172]. SG: Space Group 

MCM-41 (Mobil Crystalline Materials 41) consists of a hexagonally ordered cylindrical pores (see 

Figure 1-23). The pore size can be easily tuneable by changing the synthesis conditions and their 

diameter can vary from 2 to 6.5 nm. The walls of the pores are thin (3-6 nm) [172] resulting in a 

relatively weak structure with limited hydrothermal stability.  

SBA-15 (Santa Barbara Amorphous type 15) is another well-known type of mesoporous silica. Its 

structure is composed of a hexagonal system of cylindrical pores (see Figure 1-23) with a diameter 

between 5 and 15 nm [173]. In some cases, these mesopores are interconnected by micropores resulting 

in a high specific surface area typically in the range 400-900 m2/g [174, p. 15]. This material is 

hydrothermally more stable than MCM-41 [175], and is more robust when the microporosity increases 

[176]. 

1.4.2.4 Metal Organic Frameworks (MOF) 

Metal organic frameworks (MOF) are a group of crystalline porous materials with large micropore 

volume and which structure is formed by metal ions coordinated to organic ligands. The nature of the 

metal and the ligand defines the three-dimensional structure of the network and, thus, the material 

properties. Several metals have been used in MOF synthesis such as Zn (IRMOF-1, IRMOF-3, MOF-

177, ZIF-8), Mn, Cu (HKUST-1, NOTT-112), Zr (UiO-66), Cr (MIL-101), Fe (MIL-53). By varying the 
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metal and the organic linkers, a wide variety of surface properties and pore sizes can be achieved as 

shown in Figure 1-24. The high porosity of MOF results in a large pore volume and high specific 

surface area what makes these materials extremely valuable in the fields of catalysis [177]–[179] and 

gas storage [180], [181], gas separation [182], [183] and gas purification [184], [185]. 

 

Figure 1-24. Structures of several MOF and their linkers. The yellow and green spheres represent the pore volume. [186] 

 

IRMOF-1 (Zn4O(BDC)3) is a MOF made up of Zn4O nodes with 1,4-benzodicarboxylic (BDC) acid 

ligands between them. IR stands for isoreticular, which means it is a series of MOFs with the same 

topology, but different linkers and, thus, pore sizes (see Figure 1-24). In IRMOF-1, [OZn4]6-
 groups are 

linked to an octahedral array of [O2C-C6H4-CO2]2-(1,4-benzenedicarboxylate, BDC) groups whereas in 

IRMOF-3, [OZn4]6-
 groups are linked to 2-aminobenzenedicarboxylate (H2N-BDCH2) ligands. These  

structures create a very porous framework with an extremely high specific surface area ranging from 

2,500 to 3,000 m2/g [181] and a relatively high thermal stability [187]. Similarly to IRMOF-1, H2BDC is 

the ligand in MIL-101 (MIL, Matérial Institut Lavoisier). This MOF is made up of trimeric chromium 

(III) octahedral clusters interconnected by 1,4-BDC, resulting in a highly porous 3D structure with a 

specific surface area (SSA) higher than 3,000 m2/g. 

CuBTC, known as HKUST-1 (from Hong Kong University of Science and Technology) is another MOF 

widely employed in VOC adsorption. It is formed by copper nodes with 1,3,5-benzenetricarboxylic 

acid linkers between them. This MOF was investigated in this research work and its structure is 

described in detail in Chapter 2 in Section 2.1.1.2.  
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1.4.2.5 Zeolites 

Zeolites are a large group of natural and synthetic porous aluminium silicates including more than 50 

different types [188]. Each type of zeolite has a unique three-dimensional structure formed by SiO4 

and AlO4 tetrahedra linked by oxygen atoms in the corners [189]. These crystalline nanoporous 

materials exhibit broad applications in many industrial processes such as catalysis, adsorption, and 

separation [190]. Natural zeolites present several drawbacks to be used in industrial applications such 

as heterogeneity in chemical composition or the presence of impurities; therefore, synthetic zeolites 

are preferred. The general formula of zeolite is Mx/n [(AlO2)x(SiO2)y]·mH2 where M is the metal or 

hydrogen ion of valence n, balancing the negative charge of the zeolite framework [191]. The zeolite 

framework is similar to silica (SiO2), but some Si (IV) are replaced by Al (III) atoms, and these 

tetrahedra constitute the primary building units of zeolites. These structures form rings of 4, 5, 6, 8, 10 

or 12 members and the type of ring defines the pore size of the zeolite, one of the critical properties of 

these materials since pore size determines the molecules that can enter into the pore [192]. The most 

common structures have rings of 8, 10 and 12 members which are known as small-, medium- and 

large-pore zeolites, respectively. The different arrangements of these structures lead to numerous 

types of secondary building units. In Figure 1-25, some of the secondary building units, framework 

structure and pore size founded on zeolites are presented. 

 

Figure 1-25. Structures of four commercial zeolites and their building units (reprinted from [193]) 
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As mentioned before, zeolite structures are formed by SiO4 and AlO4 tetrahedra linked by oxygen 

atoms. In most cases, the proportion of silicon and aluminium is determined by the type of zeolite, 

but it can be modified by varying the synthesis conditions. During the synthesis, the Si (+IV) atoms 

are replaced by Al (+III) atoms increasing the negative charges in the framework and, hence, 

influencing the polarity. Therefore, the hydrophobicity in zeolites increases when less partial charges 

are present in the framework, i.e. when Al content decreases (higher Si/Al ratio). These negative 

partial charges are located at the oxygen atoms linked to Al atoms. Consequently, these oxygen atoms 

are more basic than the oxygen linked to two silicon atoms. In the zeolite framework, the negative 

charge is compensated with protons that are coordinated to one of these oxygen atoms, forming 

BrØnsted acid sites [192] and, thus, increasing the acid properties of the material. These hydrogens can 

be replaced by other cations such Na+, Ca2+, NH4+, etc. increasing the hydrophilic character of the 

zeolite. A brief description of the most common used zeolites for VOC adsorption is given below: 

Zeolite A, also known as LTA (Linde Type A), is the first industrially synthetized zeolite. Zeolite A is 

formed by the assembly of sodalite cages which are connected by four ring cages. In this structure, 

Si/Al ratio is equal to 1 and the negative charges are balanced by sodium cations.  

Zeolites X and Y belong to the family of zeolites with faujasite-type structure. These structures are 

also formed by sodalite cages but they are linked by hexagonal prisms [194]. In this framework, a 12-

membered ring forms the pores and they have a diameter of 7.4 Å. The main difference between these 

two zeolites are the Si/Al ratio, being from 1 to 1.5 for X-type and higher for the Y-type zeolite. 

ZSM-5 (Zeolite Socony Mobil-5) is one of the synthetic zeolites with high silica content (Si/Al ratio 

from 1 to ∞). It was patented by Mobil Oil Company in 1975 and it is widely used in the petroleum 

industry as a heterogeneous catalyst for hydrocarbon isomerization reactions. It is composed by 

pentasil units bonded via oxygen bridges forming rings of 10 members. Further investigation of the 

influence of Si/Al ratio and structure of ZSM-5 zeolites on VOC adsorption has been carried out during 

this doctoral research. 

1.4.3 General adsorption behaviour of aldehydes and aromatics compounds 

In this section, a general description of the adsorption behaviour of the VOC investigated in this work 

is provided. The main properties of the studied compounds are summarised in Table 1-3. These 

compounds can be divided in two groups: BTEX and aldehydes. BTEX group is composed of benzene, 
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toluene, ethylbenzene and the three isomers of xylene. These compounds are hydrophobic, similar in 

size and all of them have an aromatic ring in their structure, therefore, it is expected that their 

adsorption behaviour is similar. On the other hand, the aldehydes group is formed by hexanal and 

formaldehyde. Both compounds have the same aldehyde functional group that gives them a more 

polar nature compared to aromatics. However, their different sizes and vapor pressures result in 

dissimilar adsorption behaviours. 

Table 1-3. General properties of the investigated VOC  

 
Molar mass 

(g/mol) 

Boiling point 

(°C) at 1 atm 

Vapor pressure at 

20°C (kPa) 

Dipole moment 

(D)* 

Kinetic 

diameter (nm) 

Benzene 78.11 80.1 10.00 0 0.585 

Toluene 92.14 110.6 2.90 0.375 0.585 

Ethylbenzene 106.17 136.0 1.00 0.59 0.60 

o-Xylene 106.16 144.4 0.93 0.64 0.68 

m-Xylene 106.16 139.0 1.20 0.35 0.68 

p-Xylene 106.16 138.4 1.20 0 0.585 

Formaldehyde 30.03 -19.4 101.32 2.33 0.25 

Hexanal 100.16 131.0 1.33 2.64 0.52 

*[195] 

1.4.3.1 BTEX adsorption behaviour 

BTEX are a group of common gaseous pollutants in indoor as well as outdoor air. Due to their high 

toxicity and adverse effects on human health, their adsorption behaviour has been extensively studied 

for its applications as a removal technique. These compounds are hydrophobic and contain an 

aromatic ring; therefore, their adsorption behaviour is based on non-polar forces such as Van der 

Waals forces and π interactions. A summary of the parameters that strongly influence BTEX 

adsorption on diverse materials is described in this section. 

Generally, the VOC adsorption capacity of a material is enhanced when its SSA is increased due to 

the presence of a higher number of available adsorption sites [196], [197]. Das et al. [198] studied the 

effect of this parameter on the adsorption of toluene on activated carbon fibres (ACF) and it was 

shown that an increase from 1000 m2/g to 1700 m2/g in the SSA of ACF can lead to a toluene 

breakthrough time four times longer. Serrano et al. [199] studied the adsorption of toluene in ordered 

mesoporous materials. They observed an increase of the adsorption capacity for the materials with 

elevated SSA but also highlighted the influence of the textural properties and pore size in the 

adsorption of aromatic compounds. Other studies on commercial ACF [200] also underlined the effect 
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of microporosity on toluene adsorption at low concentrations. It was shown that the available pore 

volume was more efficiently used in ultramicroporous (< 0.7 nm) material compared to 

supermicroporous (2 - 0.7 nm) counterpart due to stronger interactions of toluene with the pore walls 

of AC, demonstrating that pore size plays a major role in toluene adsorption at low concentrations. In 

these conditions, contrary to the general trend, higher adsorption capacity was observed in 

ultramicroporous ACF compared to supermicroporous ACF despite their lower specific surface area. 

This observation pointed out the complexity of the adsorption process in which many factors must be 

taken into account.  

Similar results regarding the importance of pore size on benzene and toluene adsorption on ACF were 

observed in other studies [201], [202]. Lillo-Ródenas et al. [202] found an extraordinary adsorption 

capacity of 31 g /100 g ACF and 53 g /100 g ACF, for benzene and toluene, respectively, at low 

concentrations due to the large volume of micropores with a size close to the size of adsorbate 

molecules (< 0.7 nm) and generated during the activation process of the materials. Russo et al. [203] 

investigated the adsorption of aliphatic and aromatic hydrocarbons at low concentrations on 

mesoporous materials. In agreement with previous studies on adsorption on ACF, they observed 

higher adsorption capacity of aromatics compared to aliphatic hydrocarbons due to strong adsorbate–

adsorbent interactions inside the micropores with narrow pore openings. 

In other microporous materials such as zeolites, both pore size and morphology also play a crucial 

role. Some zeolites (like ZSM-5, ZSM-12 and ZSM-22) exhibit very small micropores with pore 

diameter lower than 6 Å, avoiding the entrance of some molecules such as aromatics into the pores 

and, thus, preventing their adsorption [204], [205]. A study conducted by Ogata et al. [205] illustrates 

this behaviour for the adsorption of benzene in four different zeolites with 0.3, 0.4, 0.5 and 1 nm of 

micropore diameter. The dynamic diameter of benzene molecule is 0.59 nm, explaining why only the 

zeolite having micropores of 1 nm exhibited benzene adsorption. Similar observations were reported 

by Huang et al. [135] for the adsorption of toluene on 5A, HSZM-5, Hβ and HY zeolites having pore 

diameters of 5, 5.5, 6.6 and 7.4 Å, respectively. Since toluene dynamic size is 0.59 nm, this molecule 

cannot be adsorbed on the pores of 5A. Conversely to the trend found in carbonaceous materials, 

zeolites exhibited enhanced adsorption capacity of aromatic compounds when increasing pore size. 

Kim and Ahn [206] reported higher amount of BTEX adsorbed on faujasite than in modernite zeolites 

due to the larger pore opening.  
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Apart from SSA and pore morphology, the surface chemistry is a vital aspect in adsorption processes. 

To this purpose, different strategies depending on the type of material are employed to enhance the 

adsorbate-adsorbent interactions. In case of zeolites, a strategy commonly adopted to increase the 

adsorption of aromatics is the metal loading. Huang et al. [135] demonstrated that Ag loaded Y zeolites 

(Ag/HY) exhibited enhanced toluene adsorption than their not-loaded counterparts (HY) due to the 

formation of π complexation of Ag/HY with the aromatic ring of toluene. Indeed, the metals with 

empty s-orbital and available electrons in the d-orbital like Ag can form this type of interaction, 

promoting aromatics adsorption. In general, metal loading decreases the zeolite SSA due to the bigger 

size of metal cations. However, despite the lower SSA, metal substituted zeolites exhibit higher 

toluene adsorption capacity due to the ability to form π complexation [207].  

Surface chemistry changes completely from one material to another. In MOFs, the main interactions 

adsorbate-adsorbent are π-π interactions and π complexation between the aromatics and the metallic 

centres or organic linkers of MOFs [208], [209]. These interactions all together with very high SSA 

make MOFs outstanding adsorbents for aromatic compounds [210]. In mesoporous silica, surface 

hydroxyl groups promote the adsorption of aromatic compounds due to the interaction with their π 

electrons. Russo et al. [203] reported higher affinity of toluene for pure silica surface than for 

organosilica or silica with chloromethyl groups due to the interaction of the π electrons with the 

hydroxyl groups present on the silica surface.  

In conclusion, adsorption is an extremely complex process involving many factors such as specific 

surface area, pore size and morphology, strength of adsorbate-adsorbent and adsorbate-adsorbate 

interactions. Furthermore, the influence of each parameter on adsorption strongly depends on the 

adsorbent and adsorbate employed since the chemical structure and, thus, the molecular interactions 

can be completely different. Therefore, a special attention should be paid on the different aspects of 

the process when studying adsorption.  

1.4.3.2 Aldehydes adsorption 

In this work, formaldehyde and hexanal were selected as target aldehydes due to their occurrence in 

indoor air. As it can be seen in Table 1-3, formaldehyde and hexanal have higher dipole moments 

compare to the aromatics due to the C=O bond present in the aldehyde function. Dipole moment is 

the measure of the polarity of a molecule and it represents the sum of all dipole moments of covalent 

bonds. Therefore, formaldehyde and hexanal are considered as polar compounds and, thus, their 
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adsorption behaviour is quite different compared to the aromatics due to the different nature of the 

interactions with the adsorbent’s surface. Rodriguez-Reinoso et al. [211] reported that the surface 

chemistry is one of the main factors influencing the adsorption of polar compounds whereas the 

adsorption of non-polar compounds is mostly influenced by the porous structure. Since formaldehyde 

and hexanal have the same functional group, the influence of the surface chemistry on the adsorption 

of these compounds is expected to be similar due to the same type of adsorbate-adsorbent interactions. 

However, lower efficiency in formaldehyde adsorption compared to hexanal is usually observed due 

to the smaller size and higher volatility of formaldehyde molecules. This difference has been also 

observed comparing hexanal and acetaldehyde adsorption on active carbons (AC) and ordered 

mesoporous carbon-based adsorbents (CMK) [154] indicating that molecule size is a key factor on 

formaldehyde adsorption.  

As in the case of BTEX, carbon-based materials have been widely employed for aldehydes adsorption 

due to their low cost and high specific surface area [49]. As shown previously, AC exhibited 

exceptional performances for BTEX adsorption; however, they are not as efficient for polar 

compounds removal, especially formaldehyde [212]. This inefficiency can be explained by the 

weakness of HCHO-AC interactions due to the small size of formaldehyde molecules [213]. 

Furthermore, the presence of other pollutants can provoke the desorption of HCHO molecules due to 

the formation of stronger and thus, more favourable, interactions. For that reason, recent studies were 

focused on the functionalization of AC surfaces to enhance the strength of HCHO-AC interactions. 

Different types of functionalization for AC have been proposed in the last years. Nitrogen-containing 

groups have been shown to increase the formaldehyde adsorption capacity on AC and ACF. Song et 

al. [214] reported an enhancement of formaldehyde adsorption capacity in polyacrylonitrile based 

ACF resulting from the large number of nitrogen-containing groups on the surface, especially pyrrolic, 

pyridonic, and pyridinic. In this study, a linear correlation between the N/C ratio on the ACF and the 

formaldehyde adsorption capacity was observed. Lee et al. [215] also observed that ACF with high 

nitrogen content exhibited superior formaldehyde adsorption capacity than ACF with low nitrogen 

content suggesting that the amount of total nitrogen is a determining factor on formaldehyde 

adsorption on AC. They also reported that oxygen atoms close to nitrogen groups promoted 

formaldehyde adsorption ability by formation of hydrogen bonds. 

The influence of oxygen containing groups on formaldehyde adsorption on active carbon ACF was 

investigated by Rong et al. [216]. They found an improvement in the adsorption capacity of 
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formaldehyde on oxidized AC compared to untreated AC owing to a large number of surface oxygen 

hydrophilic groups. Similar results were observed by Boonamnuayvitaya et al. [217] in formaldehyde 

adsorption capacity on coffee activated carbon prepared with ZnCl2 impregnation and nitrogen 

activation. The enhancement of the adsorption capacity obtained with this AC was attributed to the 

creation of hydrophilic functional groups of O-H, C=O, C-O on the surface during the activation 

process. All these research works pointed out that formaldehyde adsorption on AC, contrary to what 

was observed for aromatics, is more influenced by surface chemistry than by textural and structural 

properties. 

Adsorption capacity of aldehydes has been proved to be large in other porous adsorbents presenting 

nitrogen and oxygen containing groups on the surface like silica-based materials. A study of 

aldehydes adsorption on amino-functionalized porous silica was performed by Nomura et al. [218]. 

They observed that higher formaldehyde adsorption capacity was achieved with the primary 

aminosilica than the secondary and tertiary counterparts. This enhanced capacity was attributed to 

the ability of primary amines to react with carbonyl compounds forming imines and hemiaminals. 

Furthermore, the same trend was reported in the adsorption capacity of other aldehydes such as 

acetaldehyde, hexanal, and benzaldehyde. Drese et al. [219] studied the adsorption of formaldehyde 

in different amino functionalized silica materials. Aminosilica containing primary amines also 

exhibited the highest formaldehyde adsorption ability. These materials demonstrated the same 

behaviour in the adsorption capacity of C5-C9 aldehydes and ketones. 

In amino functionalized materials, the adsorption of aldehydes is made by a chemisorption process; 

therefore, the reversibility of the adsorption is more complex than for physisorbed molecules. 

Technically, the reaction between aldehydes and primary amines can be reversible by means of acid 

hydrolysis [220]. Drese et al. [219] investigated the hexanal adsorption capacity of the regenerated 

aminosilica. After the adsorbent regeneration by acid hydrolysis, the adsorption capacity of hexanal 

was reduced to 24 % of the initial capacity indicating that more research should be done to optimize 

the regeneration process. At this stage, amino functionalized materials can be used for applications 

involving aldehydes removal, but the inefficiency of the regeneration process limits their use in 

aldehydes analysis.  

Different strategies not involving amino groups have been adapted in zeolites for the improvement 

of the aldehydes’ adsorption ability. Bellat et al. [221] reported an enhancement in formaldehyde 

adsorption capacity and affinity on zeolites having cations as Na+, K+ or Cu2+ in comparison to the 
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non-cationic DaY zeolite. Among them, sodium- and copper-faujasites (NaX, NaY, CuX) were more 

efficient adsorbents for formaldehyde at low concentration (< 1 ppm) than faujasites having K as ion 

(KY) suggesting that the interaction of formaldehyde with sodium or copper is stronger than with 

potassium. Moreover, since Na+ or Cu2+ are small metal cations, they do not greatly influence the 

specific surface area of the zeolite. Zhao et al. [222] studied formaldehyde adsorption in ZSM-5 zeolites 

demonstrating that the incorporation of Ag and/or other transition metal oxide can also enhance the 

formaldehyde adsorption. In this study, AgCu/HZSM-5 showed three times higher formaldehyde 

adsorption than H/HZSM-5, Ag/HZSM-5 and Cu/HZSM-5, indicating that a synergistic effect of Ag 

and Cu can increase the adsorption capacity.  

Several methods to enhance the adsorbate-adsorbent interactions in aldehydes adsorption have been 

presented. However, most of them implies the grafting of hydrophilic functional groups such as 

hydroxyl or amines, resulting in an increase of the adsorbent’s water affinity. Lee et al. [215] observed 

a significant reduction in the formaldehyde adsorption capacity of amino functionalized ACF 

compared to non-functionalized ACF under humid conditions caused by the water affinity of these 

nitrogen containing groups. Therefore, the performance of these functionalized adsorbents 

substantially decreases in humid environments. In contrast, when using metal substituted ZSM-5 

zeolites, little influence of humidity on formaldehyde adsorption ability was observed. Zhao et al. 

[222] reported almost a constant formaldehyde adsorption capacity of AgCu/HZSM-5 zeolites in the 

relative humidity range from 20 to 93%, due to the hydrophobic properties of high-silica zeolite. These 

results pointed out the potential use of metal exchanged zeolites for aldehydes adsorption even in 

humid environments.  

In conclusion, due to the different polarity of aldehydes, the main factors affecting their adsorption 

are different from the factors influencing aromatics adsorption. As shown, the presence of a carbonyl 

group able to form hydrogen bonds or to chemically react with hydrophilic groups on the surface of 

the adsorbent is the driven force in aldehydes adsorption. Therefore, SSA and pore morphology are 

not as critical as in aromatics adsorption. 

1.4.4 VOC removal methods for air pollution control 

VOC are a group of air pollutants generated in process industries and other types of factories [223].  

Exposure to VOC has been related to the development of serious pathologies such as asthma, allergy 
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and some types of cancer [3]. In consequence, in the last decades, air quality regulations have been 

introduced to reduce and control their emissions into the atmosphere [224].  

In order to comply with these regulations, several techniques based on physicochemical or biological 

processes have been developed for VOC removal. The most common methods for VOC removal are 

divided in two categories: destructive techniques and recovery techniques.  

Destructive techniques involve the chemical transformation of the VOC molecules into harmless 

inorganic molecules such as CO2 and H2O. Among these techniques, thermal, catalytic or 

photocatalytic oxidation, plasma or biological methods are the most popular [225]. Thermal oxidation 

is commonly used to remove contaminants in air streams at concentrations ranging from 100 to 200 

ppm [224]. The oxidation is carried out at temperatures typically between 800 and 1400 °C and the 

pollutant removal can achieve a rate of 95-99%. It is a cost-effective and highly efficient method for 

VOC removal at these concentrations; however, for more diluted streams the efficiency is significantly 

decreased [200]. This technique is usually employed when the working conditions do not allow using 

catalytic oxidation. Catalytic oxidation is employed in the same concentration conditions as thermal 

oxidation. In this technique, a catalyst is used to accelerate the decomposition reaction or reduce the 

needed temperature to 700–900 °C, leading to lower energy requirements, and thus reducing costs. 

The major disadvantage of this method is the potential poisoning of the catalyst by non-VOC materials 

such as sulphur, chlorides and silicon [226] and the selectivity of some catalysts to certain VOC 

[227],[228]. To widen the range of targeted pollutants, non-selective methods such as plasma oxidation 

or photocatalysis are often employed. A more ecological and inexpensive method compared to the 

physicochemical treatments is the biofiltration. This technique is one of the most commonly used 

biological method for VOC abatement and it has proven to be an efficient technique at low 

concentrations at laboratory scale [229], [230]. Nevertheless, their industrial applications are still 

limited since the efficiency of these systems varies with VOC concentration [231]. In addition, specific 

conditions of humidity and pH and a frequent replacement of the biological substrate are required. 

Other abatement techniques, the so-called recovery techniques, allow the reuse of VOC molecules.  

Condensation is one of the industrial methods for VOC recovery. It is usually employed in highly 

polluted streams (> 500 ppm) containing VOC with boiling point above 35°C at atmospheric pressure, 

since the condensation of VOC with lower boiling points requires intensive cooling or pressurization, 

resulting in a significant increase of costs. The efficiency of this method usually does not exceed 80 % 

[225]. Membrane separation is another technique employed to separate the pollutants from the air 
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stream by means of a permeable membrane. It is generally utilized to clean highly contaminated 

streams (1000 - 10000 ppm). The efficiency of VOC removal depends on the membrane features but 

recovery rates up to 95% have been reported [232]. Despite the satisfactory results obtained in terms 

of efficiency, membrane separation method is not used on an industrial scale due to the costs of the 

membrane and the necessity to adapt the membrane to the targeted VOC. For industrial applications, 

it is more suitable to employ absorption methods. This technique allows VOC removal from very 

polluted streams (500 – 5000 ppm) by solving the pollutants in a liquid solvent. The air stream and the 

liquid solvent are put in contact in specific absorber towers designed to increase the mass transfer. 

VOC removal efficiencies between 90 to 98% are generally achieved [226]. 

A similar recovery method is adsorption where the VOC molecules are transferred from the gas phase 

to a solid surface. A large part of the efficiency is based on the contact between the gas and the solid; 

hence, microporous adsorbents with high specific surface areas like activated carbons, zeolites and 

silica gels are preferred. The affinity of the adsorbent to the targeted VOC is also a crucial factor in the 

efficiency. Among the presented VOC abatement techniques, adsorption is the only one that allows 

an effective VOC recovery from diluted streams (< 100 ppm) at a low-moderate cost. Therefore, the 

use of this method can be extended from industrial to the household applications. 

1.5 Objectives of this work 

The present doctoral research work continues the work performed by Rouba Nasreddine [233] during 

her thesis focused on the development of a portable GC for near real-time low level detection of BTEX. 

At the end of her thesis, a pre-industrial prototype of the portable GC was manufactured. Starting 

from this point, the main objectives of the present work are: 

- Evaluation of pre-industrial GC prototype developed by Nasreddine et al. [234] under real 

conditions in a field campaign and determination of BTEX concentrations and main sources 

in indoor air. 

- Design, conception and fabrication of a BTEX preconcentrator to be part of the GC prototype 

and decrease the LOD for benzene to less than the threshold value set by the French 

government, i.e. 2 µg m-3 (0.6 ppb). The final prototype should maintain similar characteristics 

in terms of carrier gas and energy consumption and temporal resolution. 
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- Provide experimental data of VOC adsorption on different materials at realistic concentrations 

(low ppm - ppb). Assessment of these materials for gas analysis and pollutant removal 

applications. 

This thesis is organized in 6 chapters. In Chapter 1, a general introduction about the air quality and 

the methods employed for VOC detection followed by the current state of the art in the development 

of VOC preconcentrators were presented. Finally, a theoretical background of the adsorption process 

was described. Chapter 2 provides a description of the investigated adsorbents and the techniques 

employed for their characterization. In addition, the three different setups employed in dynamic 

adsorption experiments and the preconcentrator prototypes developed throughout this work are 

described in detail. Chapter 3 presents the results obtained in field campaign of indoor air quality 

conducted in two French primary schools for 5 weeks. Chapter 4 summarizes the characterization in 

terms of heating performance and BTEX preconcentration of the different BTEX preconcentrator 

prototypes developed throughout this work.  In Chapter 5, a study of BTEX, formaldehyde and 

hexanal on different materials is presented and the influence of the different textural and chemical 

properties on adsorption is discussed. Finally, in the last section, the general conclusions and future 

perspectives are presented. 
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Chapter 2. Materials and Methods 

In this chapter, the materials used during this thesis project are introduced and the techniques 

employed for their characterization are also described. Afterwards, the different experimental setups 

used for dynamic adsorption experiments and the calculation methods employed are presented. 

Finally, design and fabrication of several prototypes of a BTEX preconcentrator are detailed. 

2.1 Study of VOC adsorption/desorption behaviour 

VOC adsorption and desorption behaviours were investigated on different types of commercial 

materials: a graphitized carbon black (Carbopack® B), a metal organic framework (Basolite® C300), a 

mesoporous silica (SBA-16) and ZSM-5 zeolite (CBV-3020E). Furthermore, this behaviour was also 

studied in a series of ZSM-5 zeolites with different Si/Al ratios that were synthetized by the Group of 

Energy and Fuels for a Sustainable Environment Team at ICPEES led by Benoît Louis. This section is 

organised as follows: first, the main characteristics of these solids are presented in section 2.1.1. 

Afterwards, the techniques used for the characterization of these materials and the experimental 

conditions employed in this study are described in section 2.1.2. Finally, the theoretical basis of 

dynamic adsorption experiments and the different experimental setups employed during this 

research work are detailed in section 2.1.3. 

2.1.1 Selected adsorbents 

Many sorbents have been used for VOC trapping and preconcentration depending on the type of 

compound of interest. This work was mainly focused on two different groups of compounds: BTEX 

and aldehydes. The first group called BTEX consists of non-polar aromatic compounds with relatively 

high volatility and kinetic diameters between 5.8 and 6.8 Å. The second group includes a large variety 

of molecules but only formaldehyde and hexanal have been investigated regarding their occurrence 

and high levels in indoor environments. Since these two aldehydes have the same functional group, 

the dipole moments are similar (see chapter 1 in section 1.4.3); however, their boiling points are very 

different, being -19.4 and 131 °C for formaldehyde and hexanal, respectively. This significant 

difference is due to the size of the molecules: formaldehyde is a small molecule with a single carbon 

whereas hexanal has an alkyl chain of 6 carbon atoms which results in stronger intramolecular forces. 

Due to the diverse nature of the targeted compounds, four types of sorbents with different polarities, 
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chemical surfaces and pore sizes were selected to evaluate their adsorption/desorption behaviours. 

Among them, they are four commercially available adsorbents and several in-situ synthetized zeolites 

with different Si/Al ratios and acidities. The main features of the commercial adsorbents provided by 

the suppliers are listed in Table 2-1. In this work, a more exhaustive characterisation of the materials 

was conducted and it will be presented in Chapter 5. 

Table 2-1. Main characteristics of commercially available adsorbents selected for the study 

Name Supplier Material type 
Specific surface 

area (m2/g) 

Particle size 

(µm) 
Porosity 

Carbopack™ B Supelco GCB 100 180 - 250 Non-porous 

SBA-16 
ACS 

Materials 

Mesoporous 

silica 
500 - 700 50 - 120 Mesoporous 

Basolite™ C300 
Sigma 

Aldrich 
MOF 1500 – 2100  15.96* Microporous 

CBV-3020E Zeolyst Zeolite  403 - Microporous 

GCB = graphitized carbon black, MOF = metal organic framework. *This value corresponds to D50 in particle size distribution  

2.1.1.1 Carbopack™ B 

Carbopack™ B is a non-porous graphitized carbon black (GCB) used as a reference material for VOC 

trapping in the EPA (Environmental Protection Agency) method TO-17 and has been widely used for 

VOC sampling and analysis [1]–[4]. This material is considered to have a medium strength, which 

means that it is suitable for trapping relatively high volatile compounds ranging from n-C6 to n-C20. 

Hence, it is expected to have a better adsorption of BTEX and hexanal than formaldehyde. 

Furthermore, Carbopack™ B is hydrophobic resulting in a high VOC adsorption even in extremely 

humid environments. In this study, Carbopack™ B has been employed as a reference material to 

compare the results obtained with other sorbents.  

2.1.1.2 Basolite™ C300 

Basolite™ C300 (Cu3(BTC)2(H2O)3), called also Cu-BTC, HKUST-1 or MOF-199, is a metal organic 

framework formed by multiple links of paddle-wheel-like coordination between two Cu2+ ions and 

four 1,3,5-benzenetricarboxylate (BTC) ligands [5]. This arrangement leads to the three-dimensional 

structure displayed in Figure 2-1a, containing three different types of pores represented by coloured 
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spheres, two of similar size (green and orange spheres) and a smaller pore (pink sphere). The detailed 

structures and the window sizes of these cages are presented in Figure 2-1b. These pores can host 

small molecules making this material exceptional for multiple applications such as gas storage [6] and 

separation, catalysis and pollutants removal from gas effluents [7]. It should be noted that, in this 

structure, Cu2+ ions are exposed to the open spaces of the larger cages, being easily accessible for the 

interaction with the guest molecules. These Cu2+ ions are open coordination sites (OCS) that are 

usually coordinated to water molecules, but these latter can be replaced by other Lewis bases such as 

carbon dioxide, amines, etc. The porous structure with several OCS of Basolite™ C300 altogether with 

a very high specific surface area ranging from 1500-2100 m2/g, constitutes an extraordinary adsorbent 

for numerous VOCs. It is why this material was selected in this study.  

 

 

 

Figure 2-1. a) Schematic view of Basolite™ C300 three-dimensional structure. The spheres represent the pore volume. 

Atoms are displayed in the following colours: Carbon (grey), Hydrogen (white), Oxygen (red) and Copper (brown) and b) 

Representation of different cages and windows in Basolite™ C300. Atoms are displayed in the following colours: Carbon 

(white), Oxygen (red) and Copper (blue). For simplicity, hydrogen atoms are not displayed [8]. 

2.1.1.3 SBA-16 

SBA-16 (Santa Barbara No. 16) is a mesoporous silica with cubic Im3m pore morphology formed by 

silicon atoms bonded by oxygen bridges. Specific surface, porosity, and particle shape may vary 

depending on the synthesis conditions. SBA-16 provided by ACS materials was synthetized using 

tetraethoxysilane (TEOS) as a silicon source and a ternary combination of surfactant (F127 

(EO106PO70EO106)), water, and butanol [9]. According to the supplier, employing this synthetic 

route, micron-sized spheres and amorphous aggregated particles, with pores ranging from 3 to 5 nm, 
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are obtained. These pores are large enough to host BTEX or formaldehyde molecules since their kinetic 

diameters range from 0.25 to 0.58 nm. As shown previously in Figure 1-23, SBA-16 presents 3D cubic 

arrangement of pores corresponding to Im3m crystallographic group, which provides a high specific 

surface area up to 700 m2/g available for adsorption. Since silica surface is covered with OH groups 

[10], it is envisaged that the main adsorbate-adsorbent forces will be of hydrogen bond-type, which 

means that this material will not be very selective as it can interact almost with every compound 

containing hydrogen. On the other hand, hydrogen bond is one of the strongest intermolecular forces, 

but weaker than covalent or ionic bonds which can be very advantageous for a reversible adsorption 

process. This aspect could be interesting in terms of gas preconcentration if the desorption can operate 

at a moderate temperature, so that, this material was selected for more detailed study. Furthermore, 

the pore size in SBA-16 is bigger than Basolite® C300, hence, the comparison of both materials allows 

us to evaluate the influence of the pore size on the adsorption properties.  

2.1.1.4 ZSM-5 zeolites 

As mentioned in chapter 1 in section 1.1.1.5, zeolites are formed by silicon and aluminium atoms 

linked by oxygen bridges. This configuration can be arranged in several ways, resulting in different 

types of zeolites. In this study, ZSM-5 was selected over other zeolites due to its high hydrophobicity 

and small pore size, which is very similar to the size of BTEX. As can be seen in Figure 2-2, ZSM-5 is 

formed by a network of straight and zigzag channels of similar diameters. Ideally, in zigzag channels, 

the pore opening is 5.1 Å × 5.5 Å whereas for straight channels it is equal to 5.3 Å × 5.6 Å [11]. These 

small dimensions determine the diffusivity of gas molecules through the network leading to a 

differentiation of molecules by size and shape. This discrimination has been widely exploited in 

catalysis, where the pore opening of the catalyst plays a key role as it determines the size of the 

reactant, the product or the transition intermediate that participates in the reaction [12], [13]. This 

shape-selectivity could be very interesting on VOC adsorption, where the zeolite could act as a 

molecular sieve by selectively adsorbing VOC molecules that could diffuse into the channel system. 

Among the aromatic compounds investigated in this study, it is expected to selectively adsorb 

benzene, toluene, ethylbenzene and p-xylene due to their smaller kinetic diameters compared to 

ortho- and meta-xylenes. The exclusion of these compounds could be beneficial as separation step in 

an analytical or an industrial process; therefore, to better understand the adsorption of BTEX mixtures 

on ZSM-5, several dynamic adsorption experiments were carried out in this research work. 
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For these experiments, ZSM-5 zeolites with different aluminium contents were employed. In fact, 

VOC adsorption is not only defined by pore size. The aluminium content, represented by Si/Al ratio, 

has a significant impact on sorption behaviour since it influences the hydrophobicity and the acidity 

of the zeolite [14], [15]. Typically, this type of zeolites is characterized by high Si/Al ratio; however, by 

varying the synthesis conditions, low Si/Al ratio ZSM-5 zeolites can be also synthetized [16]. 

Generally, hydrophobicity increases with Si/Al ratio due to the distribution of the charge in the zeolite 

network. Indeed, the substitution of Si4+ by Al3+ results in total negative charge in the network, which 

is partially located on the oxygen close to Al3+ of the Si-O-Al bond. Thus, this oxygen, partially 

negatively charged, is more probable to form hydrogen bonds with water molecules than the oxygens 

located between two silicon atoms in Si-O-Si bonds, leading to a decrease in the hydrophobicity of the 

zeolite. The total negative charge of the network is usually compensated by hydrogens giving to the 

zeolite an acidic nature (Brønsted acidity). The zeolite acidity not only derives from the hydrogens 

that compensate the negative charge of the network; the Al3+ atoms, which have a free orbital, are 

Lewis acids that can interact with Lewis bases such as NH3 or with aromatic compounds by means of 

cation-π interactions. As it is expected, many studies reported an increase of the adsorption capacity 

of aromatic compounds as the number of Al3+ atoms increases, i.e. at low Si/Al ratio. However, most 

studies concern the adsorption of a single compound, which is unusual in real environments and, to 

our knowledge, there are no previous studies on the adsorption of gaseous BTEX mixtures on zeolites 

ZSM-5. Therefore, in this work, the influence of the Si/Al ratio on the multicomponent vapor-phase 

adsorption of BTEX was also investigated. 

 

Figure 2-2. Pore structure and geometry of ZSM-5 [17]. 

Zeolite synthesis 

ZSM-5 zeolites were synthetized via fluoride-mediated route adapted from previous studies [18], [19]. 

Typically, the aluminium source (different amounts to achieve 300, 200, 150, 100 and 50 Si/Al molar 
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ratios, respectively) was placed in a 150 mL-Erlenmeyer flask where 50 mL of distilled water were 

added under vigorous stirring (700 rpm, room temperature). Once they were dissolved, 

tetrapropylammonium bromide (TPABr) (0.498 g) and NH4F (1.103 g) were sequentially added. 

Finally, 1.607 g of SiO2 (Aeroperl 300/30, Evonik) was gradually added during 5 min. The gel was aged 

2 h under vigorous stirring and finally autoclaved at 443 K for 144 h. H-zeolite form was obtained 

after a single calcination at 823 K during 15 h in static air. The samples were named as ZSM-5_1 to 

ZSM-5_5, respectively, where the number 1 to 5 increases according to the Si/Al molar ratio decrease, 

i.e. from 300 to 50. 

Mg-ZSM-5 zeolite 

Mg ZSM-5 zeolite was synthetized from commercial H-ZSM-5 zeolite (CBV3020E) following a 

procedure adapted from [20], [21]. To this purpose, 2 g of commercial ZSM-5 zeolite were dispersed 

in 100 mL of distilled water and stirred vigorously. Then, Mg(NO3)2 was added to the the mixture was 

stirred at 70 °C for 1 h. Afterwards, the solution was dried in a rotavapor at 50 °C under vacuum until 

total evaporation of water. The solid was then dried at 110 °C overnight. Finally, the sample was 

calcined at 550 °C for 5 h. The amount of Mg introduced was calculated by weight difference between 

the original and the doped sample. 

2.1.2 Characterization Techniques 

Sorption is a physical and chemical process of fixation of a substance in the gas phase (sorbate) by 

another substance in liquid or solid state (sorbent). The nature of this phenomenon depends on the 

sorbate-sorbent interactions as well as on the sorbent properties. In this work, numerous techniques 

have been used to characterize the sorbent surface since it represents an interface between the gas and 

the sorbent itself; thus, the study of its properties is of great interest to understand the sorption 

mechanism of the targeted molecules. The characterization techniques and the experiment conditions 

employed in this work are detailed in this section. 

2.1.2.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a useful tool employed to obtain information about the 

particle size distribution and morphology, composition and surface topography of a sample. It is 

widely used in scientific- and industry-related fields as a valuable tool for material characterization. 
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In SEM, the sample is placed inside a chamber operated at ultra-high vacuum. Then, a high energy 

beam of electrons is controlled to hit part of the sample surface. The electrons interact with atoms in 

the sample producing secondary electrons, backscattered electrons and characteristic X-rays [22]. The 

generated scatter patterns provide information about the morphology and composition of the sample. 

All these signals are collected by different detectors and converted into black and white images. The 

maximum resolution obtained with this technique depends on multiple factors, but current SEM 

provides a maximum resolution between 1 and 20 nm.  

SEM micrographs presented in this work were acquired on ZEISS GEMINI SEM 500 microscope 

equipped with in-lens backscatter electron (BSE) and secondary electron (SE) detectors. In this work, 

only the SE detector placed at the bottom lens was employed, so that most of the recovered electrons 

were secondary electrons although some backscatter electrons can be also recovered. This type of 

detector consists of a scintillator inside a Faraday cage where a low positive voltage is applied 

attracting secondary electrons. Then, the scintillator is employed to accelerate these electrons and 

convert them into photons. Finally, these photons arrive to a photomultiplier for amplification and 

the signal is transformed in an image. 

Experimental conditions 

In this work, a double face carbon tape was employed to fix the sample to the stub. Then, the stub was 

positioned on a sample holder with up to 9 stub positions. All the samples were examined using an 

electron high tension (EHT) voltage from 2 to 6 kV and a working distance of 6.6 nm for Basolite® 

C300 and 5.5 mm for other samples. 

2.1.2.2 N2 physisorption: specific surface area (BET method)  

Adsorption is a surface process, therefore the characterization of the sorbent surface in terms of the 

specific surface area and porosity is necessary to understand the sorption mechanism of the targeted 

molecules on the selected sorbents. To this end, the most employed technique is N2 physisorption at 

its boiling point (77 K). Nitrogen is used as the standard adsorptive since it is relatively inert, and the 

size of the molecule is very well known. Moreover, it forms well-defined monolayers on many non-

porous and mesoporous adsorbents [23]. 
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In this work, the specific surface area of the material was calculated from BET equation where the 

amount of adsorbate gas corresponding to a monomolecular layer adsorbed on the surface was 

determined by multi-point method. Since the BET equation (see Eq. 1-8) does not fit the entire 

isotherm, only measurements in the range of relative pressures near completed monolayers (0.05 < 

�/��< 0.3) are used to determine the monolayer capacity. In multi-point method, at least three 

measurements must be conducted in this range. Then, .
MN2.O.P4	is plotted against �/��  according to 

equations 1-6 and the volume -/ of gas required to form a monolayer can be calculated from the slope 

and the intercept of the obtained curve, and thus, the monolayer capacity. Afterwards, the total surface 

area is calculated by the following equation: 


� 8	�/U/D Eq. 2-1 

where 
� is the total surface area, �/ is the monolayer capacity, U/ is the area occupied by one 

molecule and D is the Avogadro’s number. Finally, the total surface area divided by the weight of the 

sample is equal to the specific surface area. 

Experimental conditions 

In this study, gas sorption experiments were performed using a Micromeritics ASAP 2420. Prior to 

analysis, all samples were outgassed at 180 °C for 5 h under vacuum excepting zeolites, for which the 

outgassing was performed at 250 °C to ensure the complete desorption of water and other gas 

molecules. Nitrogen gas was used as the adsorbate at 77 K and the specific surface area was calculated 

as explained above. Total pore volume was estimated by single point method from the amount of 

adsorbed N2 at �/�� = 0.99. 

2.1.2.3 Thermogravimetric Analysis – Differential Scanning Calorimetry (TGA-DSC) 

Prior to adsorption/desorption experiments, thermal stability was evaluated in order to define the 

range of operating temperatures for each adsorbent. For this purpose, simultaneous 

thermogravimetric analysis and differential scanning calorimetry were conducted. 

Thermogravimetric analysis is a method of thermal analysis where sample mass is continuously 

monitored over time while the temperature changes. A typical thermogravimetric analyser is made 

up of a sample pan that is supported by a precision microbalance placed inside a furnace. Generally, 
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during the experiment, the temperature is increased at a fixed rate under a selected atmosphere. Most 

commonly used atmospheres are vacuum, inert gases, ambient air and oxidizing/reducing gases. 

Monitoring of sample weight enables to determine thermal events such as adsorption/desorption 

processes, decomposition or degradation that takes place at certain temperatures. 

In this work, thermogravimetric analysis was performed simultaneously with differential scanning 

calorimetry. This latter is extensively used in materials characterization and consists of measuring the 

difference between the amount of heat required to increase the temperature of a sample and a 

reference as a function of temperature [24]. In this technique, the investigated sample and the 

reference are always maintained at the same temperature that increases with time at a constant rate. 

The heat fluxes provided to rise the temperature are measured and plotted as a function of 

temperature or time [25]. In case of endothermic or exothermic phenomena taking place in the sample, 

variations in the supplied heat flux are observed. This technique is widely employed in the study of 

polymeric materials in order to determine glass transition, crystallisation and decomposition 

temperatures. 

Experimental conditions 

In this study, thermogravimetric analyses were mainly used to evaluate the adsorbent’s thermal 

stability and affinity to water. This latter was evaluated by measuring the physisorbed water in the 

sample. To this end, weight change of the sample was determined at temperatures close to 100 °C, the 

boiling point of water at ambient pressure. Experiments were conducted with a thermogravimetric 

analyser coupled to differential scanning calorimetry apparatus (SDT 650, TA Instruments) with a 

constant temperature ramp of 10 °C/min in N2 atmosphere with a purge rate of 100 mL/min. Samples 

of about 5 mg of Carbopack™ B, SBA-16 and Basolite™ C300 were analysed using a temperature 

range of 500, 1000 and 400 °C, respectively. 

2.1.2.4 Temperature-Programmed Desorption (TPD) 

Temperature programmed desorption is an analysis technique in which the compounds released by 

the sample are monitored over time as the temperature increases, by means of a detector like a thermal 

conductivity detector (TCD) or a mass spectrometer (MS). This method is usually employed in the 

field of catalysis to study the interactions of reaction gases with solid surfaces and determine the 

number of active sites on catalyst surface. In adsorption/desorption studies, this technique has been 
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used to determine the desorption temperature of the investigated adsorbate and the presence of 

different adsorption sites at the solid surface. 

Typically, about 100 mg of adsorbent is placed in a reactor. Prior to  adsorption, the adsorbent is 

outgassed at relatively high temperatures (200-400 °C) under an inert gas flow. After a period of some 

hours, the adsorbent is cooled down to ambient temperature or the desired temperature for the 

adsorption study. Then, the adsorption starts so that the target compound flows through the 

adsorbent at a known concentration and flow rate for a given time period. Then, the desorption takes 

place by heating the adsorbent at a constant rate under a carrier gas flow. The difference between the 

composition of the desorbed gas and the carrier gas is monitored with a downstream detector as a 

function of temperature. Finally, a three-axis plot representing temperature variation and detector 

response as a function of time is obtained and the desorption temperatures (�() can be determined 

from the maximum of the obtained peaks. For single-component adsorption studies, it is expected to 

observe only one peak, but more peaks can be observed if there are energetically different adsorption 

sites at the solid surface.  

Additionally, TPD desorption curves provide information about the kinetics of desorption such as the 

reaction order, pre-exponential factor, activation energy for desorption in the desorption rate constant, 

and variation of each of these factors with adsorbate coverage [26]. After a series of TPD experiments 

at different heating rates, the activation energy V# for the desorption can be estimated according to 

the following calculations [27, p. 2], [28], [29]. The Polanyi–Wigner equation (Eq. 2-2) describes 

desorption phenomena: 

F	GCG� 8	
U
W C@	exp	2FV# $�⁄ 4 Eq. 2-2 

where ' is the surface coverage, � is the temperature (K), U is the desorption rate coefficient, β is the 

heating rate, n is the order of the reaction, V# is the activation energy of the desorption, and $ is the 

ideal gas constant. During the desorption, the temperature is at a maximum (�() when:  

F	GC
9

G�9 8 	0 Eq. 2-3 

�( corresponds to the temperature of the desorption peak maximum observed during the TPD 

experiment. Using this derivative relationship, the Polanyi-Wigner equation becomes: 
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	 V#$�(9 8	
U
W �C@O6	exp	2FV# $�(⁄ 4 Eq. 2-4 

Assuming that desorption follows first order kinetics, Eq. 2-4 yields: 

V#
$�(9 8	

U
W 	exp	2FV# $�(⁄ 4 Eq. 2-5 

Rearranging and taking logarithm of Eq. 2-5 gives: 

ln2 $�(
9
W 4 8 ln _

V#
U ` +

V#
$�( 

Eq. 2-6 

Once the TPD experiments were conducted and, thus, �( at different heating rates determined, V# can 

be calculated by plotting ln2 abcde 4 versus 1 �⁄ . According to Eq. 2-10, the desorption rate coefficient can 

be extracted from the intercept of the line. It is important to note that the activation energy of 

desorption may significantly vary when coverage increases due to the influences of the adsorbate-

adsorbate interactions; therefore, to use this method for activation energy calculation, the series of 

TPD experiments must be conducted at the same coverage.  

TPD technique can also be used to measure acidity in porous materials such as zeolites [30] or 

mesoporous silica [31] by using ammonia as adsorbate. Indeed, NH3-TPD (temperature programmed 

ammonia desorption) is widely employed since it constitutes a simple, cost-effective and accurate 

method to determine the number of acid sites in a solid. The experimental procedure is very similar 

to the one described previously. In this case, about 100 mg of the adsorbent is placed in a reactor and 

a diluted NH3 flow passes through until complete saturation of the material. Then, a flow of inert gas 

is used to remove the physisorbed NH3 and, after that, the temperature is gradually increased until 

the total desorption of NH3 molecules. In zeolites, ammonia can be fixed on two different acid sites: 

Brønsted and Lewis acid sites. Brønsted sites are formed by the protons that compensate the negative 

charge of the zeolite network. These protons are coordinated to an oxygen located between silicon 

and aluminium atoms in the network and they can form hydrogen bonds with basic molecules such 

as NH3 [32]. Lewis acid sites are located on Al3+ atoms with low coordination or ΞSi+ ions resulting 

from dehydroxylation in the thermal treatment [14]. The presence of these two energetically different 

acid sites for NH3 results in two desorption peaks in NH3-TPD curves of zeolites. By integrating those 
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peak areas and assuming a stoichiometry of one NH3 molecule adsorbed per acid site, it is possible to 

calculate the total NH3 adsorbed by the sample. Furthermore, by dividing the total acidity by the BET 

surface area, the values for acid site density can be thus calculated. 

Experimental conditions 

During this thesis, toluene-TPD analysis of the investigated commercial adsorbents was performed 

using a Micromeritics AutoChem II 2920 equipped with a TCD detector. Prior to the analysis, samples 

of 134.6 mg of Carbopack™ B and 113 mg of SBA-16 were dried at 350°C for 1 h, and a sample of 110 

mg de Basolite™ was dried at 230 °C for 1 h. All samples were dried under a flow of 50 mL/min of 

helium. Then, a gas stream of 50 mL/min of toluene diluted in synthetic air (100 ppm, Air Products, 

USA) was passed through every sample for 30 min. The samples were analysed using a temperature 

ramp of 10, 15, 20, 25 and 30 °C/min and helium as a carrier gas at a flow rate of 5 mL/min. The final 

temperature was 350 °C for Carbopack™ and SBA-16, and 250 °C for Basolite™ C300. 

NH3-TPD was employed to determine the acid site density in zeolites. In this experiment, the samples 

were pre-treated in-situ at 550 °C during 1 h. Then, they were cooled down to room temperature and 

a 5 % NH3/He flow was passed through the reactor until sorbent saturation. Afterwards, physisorbed 

ammonia was removed by passing a helium flow and, finally, the temperature was gradually 

increased up to 550 °C. The desorption peaks obtained in the NH3-TPD curves were integrated and 

the peak areas interpolated in the calibration equation of the instrument. In this way, the total amount 

of acid sites was determined and the acid site density could be calculated by dividing this value by 

the BET surface area. 

2.1.3 Dynamic VOC adsorption experiments  

Dynamic adsorption experiments of BTEX, formaldehyde and hexanal were carried out on the 

adsorbents presented in 2.1.1. These experiments provided the necessary data to plot the 

corresponding breakthrough curves and, thus, to study the adsorption behaviour of target pollutants 

on the selected adsorbents in terms of adsorption capacity, adsorption rates and kinetics of each 

adsorbate-adsorbent couple. Indeed, breakthrough curves represent the evolution of the adsorbate 

concentration in the effluent leaving the adsorbent bed as a function of time. In Figure 2-3, a typical 

breakthrough curve is presented. In this type of curve, two characteristic points are highlighted: 

breakthrough time (7f) and saturation time (7�). The breakthrough time is usually defined as the time 
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needed to reach 1 % or 5 % of the initial injected concentration. In this work, tb is defined as the time 

at which 5 % of the molecules are leaving the adsorbent bed so that when 5 % of the injected 

concentration (5�) is passing through the adsorbent and, thus, the measured concentration at the outlet 

(5) is equal to 0.05 5�. Up to this point, the adsorption can be considered complete. Once 7f is reached 

(5/5� = 0.05), the analyte concentration at the outlet of the tube starts to rise until the saturation point. 

The steepness of the concentration profile provides information about the mass transfer from gas 

phase to the sorption sites inside the sorbent particles. Once saturation time is reached (5/5� = 1), all 

the adsorption sites are occupied. At this point, sorbent is completely saturated and sorption in the 

bed does not occur. Consequently, the outlet concentration is constant and equal to the initial 

concentration injected. 

 

Figure 2-3. Example of breakthrough curve. 

 

The dynamic adsorption capacity of an adsorbent can be calculated from its breakthrough curve using 

the following equation: 

g 8	3	5�m i _1 F 55�` 	G7
�j

�P
 Eq. 2-7 

where g	is the dynamic adsorption capacity per gram of adsorbent, � is the gas flow rate, ? is the 

mass of adsorbent, 7� is the initial time, 7k is the saturation time, 5� is the initial concentration, and 5 

is the outlet concentration at a given time. 
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In this work, to carry out the dynamic adsorption experiments, the selected sorbents were packed 

separately in thermal desorption tubes (Sigma Aldrich, USA) between two glass wool plugs as shown 

in Figure 2-4.  

 

Figure 2-4. Schematic representation of thermal desorption tube employed in breakthrough tests. 

Glass wool plugs and metal grids prevent the sorbent to escape from the tube. Afterwards, adsorbents 

were conditioned using a thermal desorber (TurboMatrix 350, Perkin Elmer, USA) to remove water 

and other adsorbed molecules. The conditions varied depending on the adsorbent and more details 

are provided later in this chapter. Once adsorbents were conditioned, the tubes were mounted in the 

corresponding dynamic adsorption setup in which a quantity of pollutant at a constant flow rate and 

concentration was passing through the adsorbent until it reached the saturation. During the 

experiment, the pollutant concentration at the outlet of the tube was continuously monitored. 

2.1.3.1 Experimental setup for dynamic adsorption experiments of aromatics compounds 

Dynamic adsorption of toluene and a BTEX mixture were conducted during this research work. The 

setup employed in these experiments is displayed in Figure 2-5. Target compounds were flowed 

through the adsorbent tube using a cylinder filled with toluene diluted in synthetic air (100 ppm, Air 

Products, France) or a mixture of BTEX diluted in nitrogen (10 ppm, Air Products, France), for toluene 

and BTEX experiments, respectively. In this system, the gas cylinder was connected to a mass flow 

controller (MFC1) in which the flow rate was set to 5 mL/min for both experiments. Then, the gas flow 

passed through the adsorption tube and, prior to the analysis, it was diluted with nitrogen (99.999% 

purity, Messer, Gemany) by means of MFC2 to avoid the possible saturation of the chromatrograph 

detector. Due to the different concentrations employed in toluene (100 ppm) and BTEX (10 ppm) 

mixtures, the effluent gas stream was diluted using a flow of 995 and 95 mL/min of nitrogen, 

respectively. After dilution, the gas flow was continuously analysed by a gas chromatograph (µBTEX-

1 In’Air Solutions, France). In this instrument, the gas was constantly flowing through a 200 µL 
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sampling loop. Every 10 min, the content of the loop was injected into the chromatography column 

by means of a six-port valve. Then, the different compounds were separated and quantified by using 

a PID detector. 

Prior to each adsorption experiment, the gas from the cylinder was flowed through the bypass, diluted 

and analysed. The peak area obtained corresponds to the initial concentration and, therefore, it was 

used as a reference of the concentration at the saturation point during the experiments. 

 

Figure 2-5. Schematic drawing of experimental setup for Toluene or BTEX breakthrough experiments 

Experimental conditions 

As the concentrations of toluene and BTEX mixtures were relatively elevated from the indoor air 

quality point of view, 15 mg of each adsorbent were employed on dynamic adsorption tests. The 

samples were packed separately in thermal desorption tubes (Sigma Aldrich, USA) and conditioned 

for 2 h at 230 °C for Basolite™ and 350 °C for Carbopack™ B, SBA-16 and zeolites under a helium flow 

of 50 mL/min using thermal desorber (TurboMatrix 350, Perkin Elmer, USA) to remove the possibly 

adsorbed molecules. 

2.1.3.2 Experimental setup for dynamic adsorption experiments of formaldehyde 

The second experimental setup (see Figure 2-6) was employed for formaldehyde dynamic adsorption 

tests. For these experiments, a formaldehyde generator developed by our research group was 

employed to generate a constant concentration of 164 ppb. The operating principle of the 

formaldehyde generator is based on the permeation principle. The device consists of two gas flows: a 

formaldehyde gas flow generated from a formaldehyde aqueous solution of a known concentration 

and a synthetic air flow used for dilution. By keeping the formaldehyde solution at a constant 
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temperature, typically 10 or 20 °C, and varying the flow rates of both gases, concentrations from 15 to 

164 ppb can be generated. The overall setup employed for formaldehyde breakthrough tests was 

similar to the one described above for toluene and BTEX. In this case, MFC 1 was set at a flow rate of 

15 mL/min and the dilution prior to the analysis was made using synthetic air at a flow rate of 30 

mL/min (MFC 2). Afterwards, the effluent gas was continuously sampled and analysed using a 

formaldehyde analyser (µF-1 In’Air Solutions, France).  

Using this instrument, formaldehyde analysis is conducted on three steps [33], [34]. First, the uptake 

of gaseous formaldehyde is performed into an aqueous solution of Fluoral-p at room temperature. 

Then, the solution flows through a temperature regulated oven at 65 °C where the reaction between 

formaldehyde and Fluoral-p takes place, yielding a fluorescent product, i.e. 3,5-diacetyl-1,4-

dihydrolutidine (DDL). Afterwards, the solution containing DDL flows through a detection cell where 

DDL is excited by a LED with a wavelength centered at 415 nm. Finally, the generated fluorescence is 

collected by a photomultiplier calibrated beforehand for quantification. 

 

Figure 2-6. Schematic drawing of experimental setup for formaldehyde breakthrough experiments.  
 

Experimental conditions  

Formaldehyde adsorption experiments were performed by using the highest known formaldehyde 

concentration usually generated with the generator, i.e. 164 ppb. The adsorbent mass employed in 

each experiment varied from 2 to 6 mg depending on the adsorption capacity of the investigated 

adsorbent. Then, the samples were packed separately in copper tubes of 1/8” diameter and 

conditioned for 2 h at 180 °C for Basolite™ and 350 °C for Carbopack™ B, SBA-16 and zeolites under 

a helium flow of 50 mL/min. Dynamic adsorption tests were carried out immediately after 

conditioning. 
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2.1.3.3 Experimental setup for dynamic adsorption experiments of hexanal 

The dynamic adsorption of hexanal was conducted on the experimental setup displayed in Figure 2-7. 

This system consists of two parts, for gaseous hexanal generation and gas stream analysis. Due to high 

cost and availability of the gas cylinders, gaseous hexanal was generated by using the principle of 

permeation, similar to the working principle of the formaldehyde generator. In this setup, a constant 

gas concentration of hexanal was generated by flowing nitrogen at a rate of 20 mL/min (MFC1) 

through a saturator containing liquid pure hexanal (98%, Sigma Aldrich). The saturator was kept at 0 

°C by means of an ice bath to provide a constant hexanal partial pressure. Then, gaseous hexanal flew 

either through the adsorption tube (TD tube) or Bypass 2, and it was continuously analysed by means 

of a thermal desorber coupled to a gas chromatograph and a FID detector (TurboMatrix 350, Perkin 

Elmer, USA). In this way, prior to the experiment, it was possible to measure the generated 

concentration by selecting Bypass 2, and during the adsorption experiment, the concentration of the 

effluent leaving the adsorption tube could be continuously monitored. 

 

Figure 2-7. Schematic drawing of experimental setup for hexanal breakthrough experiments 

For hexanal analysis, a quick analysis method was developed. As the objective was to analyse the 

hexanal content in the gas flow, an online mode was selected in ATD-GC/FID. This mode enables to 

analyse a gas flow without the need of using desorption tubes by pumping the sample directly from 

the gas flow to the cold trap. Once the desired volume was sampled, the trap was rapidly heated and 

the trapped hexanal was released. Then, it was injected into the chromatography column and, 

subsequently, quantified by a FID detector. The optimal parameters employed in this method are 

summarized in Table 2-2 and they enable hexanal quantification in about 15 min. 
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Table 2-2. Parameters employed in hexanal analysis method by ATD-GC-FID 

 Parameter Setpoint 

ATD 

Sample flow rate 5 mL/min 

Sampling time 1 min 

Outlet split 150:1 

Inlet split 50:1 

Trap adsorption/desorption temp. -30 / 300 °C 

Trap hold 1 min 

GC 

Temperature program 
120 � 200 °C at 30 °C/min 

200 � 240 °C at 10 °C/min 

Type of column 
PerkinElmer Phase Elite 1 (100 % PDMS, 60 m, 

0.25 mm ID, 0.25 mm film thickness) 

Column flow rate 1.2 mL/min 

Total analysis time 6.7 min 

FID 

Temperature 250 °C 

Air flow rate 400 mL/min 

Hydrogen flow rate 40 mL/min 

Estimation of generated hexanal concentration 

To estimate the generated hexanal concentration, the relation between vapour pressure and 

temperature for pure components, known as Antoine equation, was employed. This equation has the 

following form: 

log ������ 8 Un F	
on

� + 5n 
Eq. 2-8 

where �� is the saturation pressure of the pure component, ���� is the reference pressure, � is the 

temperature and Un	= 7.34663, on = 1588.31 K and 5n = - 45.791 K are the coefficients of Antoine 

equation. These coefficients are valid for hexanal at temperatures between -56 and 308.85 °C. From �� 
it is possible to calculate the concentration using the following equation:   

5 8 	�� ·  $	 · �  
Eq. 2-9 

where 5 is the concentration of the compound in the gas phase,   is its molecular weight, $ is the 

ideal gas constant and � is the temperature. 
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2.2 Development of microfluidic devices for BTEX preconcentration  

2.2.1 Analyser operating principle 

The gas chromatograph (GC) laboratory prototype employed in this study is presented in Figure 2-8 

and very similar to the commercial portable GC proposed by In’Air Solutions (µBTEX-1 In’Air 

Solutions, France). The system is based on the GC laboratory prototype developed by Nasreddine et 

al. [35]. The system operates according to three steps: sampling, separation and detection. Sampling 

is performed by means of a SP 570 EC-BL micropump (Schwarzer Precision, Germany) connected to 

an EL-FLOW flow controller (Bronkhorst, Ruurlo, Netherlands). Air samples are pumped and 

introduced in a PEEK (Polyether ether ketone) 200 µL sampling loop (CHEMINERT, Inter-chim, 

France) connected to a solenoid 6-port valve (MTV-6LL-N32UF-1, Takasago, Japan). Once the 

sampling loop is filled, the 6-port valve switched for 20 s, and the sample is injected into the 

chromatography column. Separation step is carried out using a commercial 20-m long capillary 

column (internal diameter (ID) 0.18 mm, RXi-624 stationary phase, 1 µm film thickness, Restek, 

Bellefonte, PA, USA) with nitrogen as a carrier gas. Polydimethylsiloxane (PDMS) is a non-polar 

stationary phase typically employed for BTEX separation. It provides high resolution but since the 

interaction of PDMS with aromatic compounds is relatively strong, separation times are long. In 

environmental monitoring, a compromise between short analysis time and reasonable resolution is 

required, therefore, a slightly more polar column (Rxi-624Sil MS) was selected to be used in this 

prototype. Detection is conducted employing an eVx Blue mini photoionization detector (PID) 

(Baseline MOCON, Lyons, CO, USA) equipped with a 10.6 eV ultra-violet lamp. This GC laboratory 

prototype was controlled by a computer using a homemade software. 

In a previous study [35], a nitrogen flow rate of 2.5 mL min−1 and a constant temperature of 80 °C were 

selected as the optimal conditions for BTEX separation. Using these conditions, BTEX analysis was 

performed in 10 min and detection limits between 1–3 ppb were found for the different compounds. 

Analytical performances of this device were validated under controlled laboratory conditions [35] and 

in real environments [36], [37]. 

The main objectives of this work were to improve the sensitivity of this instrument and to widen the 

range of detected compounds. For this purpose, the development of a micro gas chromatograph 
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(µGC) column and a micro preconcentrator and their integration in the GC system shown above were 

investigated.  

 

Figure 2-8. Schematic drawing of GC laboratory prototype 

2.2.2 Development of a BTEX preconcentrator 

During this thesis, several preconcentration devices have been developed to improve the sensitivity 

of the BTEX analyser previously developed by our research group. The design and fabrication of these 

devices are described in detail in this section.  

2.2.2.1 Macro Aluminium Preconcentrator (MAP) 

The first prototype is an aluminium preconcentrator, herein called Macro Aluminium Preconcentrator 

(MAP) with dimensions of 40 mm × 40 mm × 12.3 mm and weight of 54.9 g (see Figure 2-9). The 

manufacturing of MAP was performed by PIT SAS (Meyzieu, France) by using micro milling 

techniques. The design of the microfluidic cavity was based on the preconcentrator proposed by 

Camara et al. [38] in which a symmetrical manifold fluidic system was fabricated at the inlet and outlet 

of the adsorbent cavity to promote a uniform flow distribution. However, there are some differences 

between both designs. In this preconcentrator two metal porous filters (GKN Sinter Metals, Bonn, 

Germany) were located between the manifold system and the adsorbent cavity to ensure that the 

adsorbent remains in the cavity and to prevent clogging of the microchannels. The manifold consists 

of one inlet channel (400 µm width, 300 µm depth) split in two channels of 350 µm which were also 

split to obtain finally four channels of 300 µm connected to a square cavity of 4.6 mm length × 7.4 mm 

width × 300 µm depth where the adsorbent was placed.  
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Figure 2-9. Macro Aluminium Preconcentrator (MAP). 

As displayed in Figure 2-9, the device is composed of two independent parts. The top part has only 

two holes for positioning the fluidic connections and four other holes to host the screws that join both 

pieces. The bottom part contains the microfluidic cavity, a groove in which an O-ring is placed to 

ensure the sealing and four holes aligned with the previous ones for joining both parts. Furthermore, 

this bottom part has three cylindrical holes crossing the bulk of the preconcentrator where the heating 

cartridges were located. Temperature was measured with a type K thermocouple (RS Pro, France). 

The performance of this device in terms of BTEX preconcentration was assessed (see chapter 4 section 

4.1.3) and very low limits of detection in the order of hundreds of ppt were achieved for all compounds 

excepting o-xylene. Despite this remarkably sensitivity, many features of this prototype could be 

significantly improved. Indeed, the high-energy consumption of the heating system prevents the 

device to be powered by battery and, thus, conditions its use to places where power supply is 

available. Furthermore, the heavy weight of the device leads to a slow heating rate which resulted in 

a long desorption and, therefore, in large chromatographic peaks. By miniaturizing the 

preconcentrator, a significative reduction in weight could be achieved and, moreover, much less 

energy would be required to supply the heating system making the device more autonomous and 

opening the possibility to be battery powered. For these reasons, other miniaturized preconcentration 

units were developed. 

2.2.2.2 MEMS Preconcentrator (MEMS-P) 

To solve the main drawbacks mentioned above related to the energy consumption and relatively low 

heating rate of the first preconcentrator, a second prototype, herein called MEMS-P, was developed 

based on microfabrication techniques. It is important to note that the use of microfabrication 

techniques requires special facilities. STnano Platform is the only cleanroom available at University of 
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Strasbourg and only certain microfabrication techniques were available including photolithography, 

metal deposition, wet etching, reactive ion etching, optical microscopy and profilometry. In 

cleanrooms, the level of contamination is controlled, and they are classified according to the number 

and size of particles permitted per volume of air. ST Platform is a cleanroom classified as ISO 5, which 

allows no more than 3 520 particles equal to or larger than 0.5 microns per cubic meter of air. 

Preliminary tests were made in this platform to find a suitable design for the heating system and to 

understand the set of issues derived from the required fabrication techniques. Afterwards, the final 

design was conceived, and it was sent to a more equipped microfabrication platform in Toulouse 

(LAAS) for manufacturing.  

The general structure of this new preconcentrator is presented in Figure 2-10. The device consists of 

two parts: a silicon wafer (bottom part) and a glass plate (top part). The silicon wafer has a heating 

system integrated on the bottom side, and a 500 µm layer of SU-8 patterned on the top side to form 

the microfluidic cavity where the adsorbent is deposited. This cavity is sealed by a glass plate bonded 

to the SU-8 layer. On the top side of the glass plate, two holes are drilled to insert the microfluidic 

connections. 

 

Figure 2-10. Structure of MEMS-based 

Preconcentrator 
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2.2.2.2.1 Silicon wafer top part: microfluidic design 

Two different patterns were proposed for the microfluidic chip: a square shape (based on the previous 

preconcentrator version) and a serpentine configuration (see Figure 2-11). Inside these cavities, a thin 

layer or granular sorbent materials has been placed to investigate their adsorption properties. Thin 

layers of adsorbents like porous gold or PDMS were deposited during the device manufacturing 

process whereas granular adsorbents, such as Carbopack® B or Basolite® C300, have been introduced 

inside the cavity once the device was sealed. 

  

Figure 2-11. Designs proposed for the microfluidic cavity: a) square shape and b) serpentine. 

Prior to the fabrication of MEMS-based microdevices, flow simulations were performed using ANSYS 

Fluent to estimate the pressure drop and verify the uniformity of the flow distribution in the proposed 

configurations (Figure 2-11). In the model employed, as low pressure drops and low Mach numbers 

were expected, air was considered as an incompressible gas. The first step consisted of determining 

the flow regime inside the microdevice. Two different flow rates of 2.5 mL/min and 5 mL/min were 

proposed for the simulations, based on the real flow rates expected during the sampling step in the 

BTEX analyser. Then, the Reynolds number was calculated at the inlet for both flow rates following 

the procedure described below. First, inlet hydraulic diameter was calculated for both configurations 

as follows: 

�� 8	4	
��0  
Eq. 2-10 

where �� is the hydraulic diameter, 
� is the inlet cross section area and �0 is its wetted perimeter. 

Then, the inlet mean velocity was calculated by using the following equation: 

r 8 	��
�  
Eq. 2-11 
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where v is the inlet mean velocity and �� is the inlet volume flow rate. Once hydraulic diameter and 

inlet linear velocity were determined, the Reynolds number $% can be determined as follows: 

$% 8 	r	������  
Eq. 2-12 

where ���� is the kinematic viscosity of air. Reynolds numbers are 6 and 12 for 2.5 and 5 mL/min, 

respectively. Since the Reynolds number is lower than 2300 in both cases, the flow is laminar and as 

the hydrodynamic entrance length (0.05 $%	��) is here negligible, the hydraulic resistance is 

independent of the device wall roughness. The boundary conditions set for simulation were an inlet 

velocity calculated in Eq. 2-11 and a pressure outlet fixed to atmospheric pressure. Operating and 

boundary conditions are summarised in Table 2-3. 

Table 2-3. Parameters employed in flow simulations for both designs of MEMS Preconcentrator 

Boundary conditions and flow regime 

Inlet flow rate (mL/min) 2.5 5 

Inlet velocity magnitude (m/s) 0.415 0.2075 

Outlet gauge pressure (Pa)* 0 0 

Reynolds number 6 12 

Regime Laminar Laminar 

*operating pressure = atmospheric pressure (101325 Pa) 

The accuracy of the simulation depends on the numerical scheme and the quality of the mesh: total 

number and shape of cells. In all conducted simulations, least squares cell-based gradient, pressure-

based solver and second-order upwind scheme were selected in order to achieve high accuracy in the 

calculations. Concerning the number and shape of the cells, an increase in their number leads to better 

accuracy but also increases the computational effort; therefore, a compromise between accuracy and 

simulation time should be adopted. In this work, two meshes with different levels of refinement were 

investigated for each configuration in order to verify the accuracy of the results. It is expected to obtain 

similar results if the less refined mesh is already accurate enough. 

- Serpentine configuration 

In serpentine configuration, a structured mesh composed of hexahedrons cells was selected. Since 

variations of pressure and velocity are expected along the channel, it is better to use this type of grid 

that provides the highest accuracy for the proposed solutions. In order to save computation time, a 

plane of symmetry (XZ) was employed. In this geometry, the first mesh (M1) contained    276 426 cells 
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while in the more refined mesh (M2), the number of cells was increased to 2 211 408. A zoom of both 

meshes at the inlet of the microdevice is presented in Figure 2-12. In M1 the cross section contained 9 

× 10 cells (see Figure 2-12a) whereas in M2, the cross section contained 18 × 20 cells (see Figure 2-12b).  

  

Figure 2-12. Schematic view of mesh 1 (a) and mesh 2 (b) at the inlet of the microdevice with serpentine configuration. 

- Square configuration 

In square configuration, two meshes were also proposed. Prior to mesh definition, two planes of 

symmetry (XY and XZ) were established to reduce the number of cells by a factor of 4. For this 

geometry, the first mesh (M1) contained 529 809 cells. Then, this mesh was refined only in areas of 

interest where pressure and velocity gradients are higher, i.e. at the inlet and outlet, resulting in a 

mesh of 2 136 092 cells (M2). Data of both meshes are summarized in Table 2-4. 

Table 2-4. Summary of mesh parameters employed in flow simulations for MEMS Preconcentrator 

  Mesh 1 Mesh 2 

Serpentine 

Configuration 

Number of cells 276 426 2 211 408 

Cell geometry Hexahedra Hexahedra 

Number of cells per cross-

section 
10 × 9 20 × 18 

Square 

Configuration 

Number of cells 529 809 2 136 092 

Cell geometry Triangular prism Triangular prism 

Number of cells per cross-

section 
6 × 4 12 × 8 

Results obtained in flow simulations (see chapter 4 section 4.2.1) were very satisfactory in terms of 

pressure losses showing pressure drops lower than 110 Pa. The flow distribution was much more 

homogeneous in the case of the square configuration since the velocity along the microfluidic cavity 

was almost constant whereas in the serpentine configuration larger variations were observed. Flow 

simulations allowed to validate the proposed geometries, so that the next step was the design and 

validation of the heating system. 
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2.2.2.2.2 Silicon wafer bottom part: heating system 

i. Design 

The preconcentrator heating system was made by metal deposition of silver/gold and titanium. These 

metals were selected for their conductive properties according to their relatively high (titanium) and 

low (silver and gold) electrical resistivity. The specific dimensions and geometry of resistances, which 

serve as heaters and temperature sensors, were chosen in accordance with the desired performance of 

the elements. Initially, the heating system was conceived with the goal to achieve 250 °C in 10 s. As 

resistance depends on the geometry of a conductor as well as on what the conductor is made of, 

theoretical calculations were made prior to design and microfabrication as described below. Firstly, 

the mass, m, of the silicon plate was calculated by taking into account the dimensions of the chip and 

the silicon density as follows: 

? 8 � · 1 · ℎ ·  Eq. 2-13 

where � is the length, 1 is the width, ℎ is the height of the silicon chip and  is the density of silicon 

at 25 °C. Then, the heat �� required to achieve the defined heating performance was calculated by the 

following equation:  

�� 8 ? · �&� · Δ� Eq. 2-14 

where �&�  is the specific heat of Si, and Δ� is the temperature increase of the wafer. Then, the total 

power П needed to achieve the defined performance can be calculated as follows:  

П 8 ��7  Eq. 2-15 

where 7 is the time required to reach the temperature increase Δ�. The heating system was made up 

of several heaters, specifically 2 or 4 heating elements. Therefore, the required power per heater (П�) 
was calculated by dividing the total power П by the number of heaters. Afterwards, the current and 

the resistance required per heater were calculated by Eq. 2-16 and Eq. 2-17, taking into consideration 

a voltage supply 2,4 and the fact that the resistances will be connected in parallel: 
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П� 8 , · � Eq. 2-16 

П� 8 $� · �9   Eq. 2-17 

where , is the voltage, � is the current and $� is the resistance per element. The resulting power value 

was corrected to take into account heat lost by convection by using Eq. 2-18 and Eq. 2-19: 

П���� 8 ℎ	 · 
0 · Δ� Eq. 2-18 

П+���+� 8 П F П���� Eq. 2-19 

where П���� is the lost heat flux, ℎ	 is an estimated value of convective heat transfer coefficient 

assuming free convection, 
0 is the wafer section area, П+���+� is the useful power. Finally, the required 

dimensions of each heating element were calculated according to the following equation: 

$� 8 � ��
� 
Eq. 2-20 

where � is the electrical resistivity of the metal, �� and 
� are the length and the cross section of the 

metal heating element. 

For the design of temperature sensors, the relationship between the electrical resistivity and the 

temperature was used (see Eq. 2-21).   

�2�4 8 ��[1 + )�2� F	��4] Eq. 2-21 

where �� is the initial temperature, � is the temperature, �� is the electrical resistivity at �� and )� is 

the temperature coefficient of resistance at ��. If it assumed that the change in length and area with 

temperature is negligible, Eq. 2-21 can be written in terms of resistance as follows: 

$�2�4 8 $��[1 + )�2� F	��4] Eq. 2-22 

As can be inferred from Eq. 2-22, the greater the initial resistance, the larger the change produced in 

the resistance by temperature variation, leading to a better sensitivity in the temperature 

measurement. For this reason, high values of resistance and, thus, long metal layers are preferred for 
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the design of temperature sensors. Dimensions for these elements will be chosen as the best 

compromise between sensitivity and available space on the silicon wafer.  

ii. First set of heating systems 

The first set of heating systems was conceived with the goal to achieve 250 °C in 10 s. The metals used 

in this version were silver for connectors and titanium for heating resistances. In this first attempt, 

four different designs with linear and serpentine geometries and different dimensions were proposed. 

Their features are listed in Table 2-5 and the masks employed in their fabrication are shown in Figure 

2-13. The orange and black lines correspond to heating elements and temperature sensors, 

respectively. Due to manufacturing constraints, the thickness of Ti and Ag layers were chosen to be 

100 nm in all systems.  

Table 2-5. Features of each heating system design. 

Design 

no. 

Device 

dimensions 

(mm2) 

Heating elements Temperature sensors 

Number 
Resistances 

(Ω) 

Width 

(mm) 

Length 

(mm) 
Number 

Resistances 

(Ω) 

Width 

(mm) 

Length 

(mm) 

1 25 × 15 4 74 1 7.5 2 188 1 19 

2 20 × 12 2 50 1 5 1 555 0.250 10 

3 20 × 12 2 50 1 5 2 188 1 19 

4 20 × 12 4 84 1 8.5 2 117 0.250 7 

 

   

Figure 2-13. Design of thin film masks employed for Ti deposition (heating elements in orange and temperature sensors in 

black) (a); Ag deposition (b) and SiO2 sputtering (c) for the first heating system 

Once the design of heating elements and sensors was completed, microfabrication of the systems was 

carried out by means of UV photolithography followed by metal deposition of Ti and Ag in a silicon 
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wafer (orientation: <100>, conductivity type: P, Dopant: Boron) of 3-inch diameter. A schematic view 

of the whole microfabrication process is displayed in Figure 2-14.  

As a first step, the silicon wafer was rinsed with acetone, ethanol and isopropanol. Afterwards, a 1.40 

µm layer of reversible photoresist AZ 5214 was spin-coated and the wafer was baked at 105 °C for 1 

min 40 s. A thin film mask was used to transfer the pattern of Ti resistances (see Figure 2-13a) to the 

photoresist with UV photolithography (Süss MJB3). This procedure includes two extra steps, a 

reversal bake at 120 °C for 1 min 30 s and an extra UV irradiation, so that the photoresist was 

transformed from positive to negative. The photoresist was developed by a specific developer, known 

as MIF 726, rinsed with deionized water and 100 nm of Ti were deposited by e-beam evaporation 

(Plassys MEB550S). Photoresist lift–off was performed in an acetone bath and the wafer was then 

rinsed once more with acetone, ethanol and isopropanol, so that the procedure described was repeated 

using a second mask with the design of electrodes (see Figure 2-13b). In the first set of heating systems, 

100 nm of Ag were deposited along with 5 nm of Cr as adhesion layer by resistive thermal evaporation 

(Plassys MEB 300). The addition of a chromium layer enhanced the adhesion of the Ag layer to the 

wafer. Finally, the wafer was insulated with a SiO2 layer 150 nm thick using the film mask displayed 

in Figure 2-13c. This protective layer was deposited by sputtering (Alliance Concept EVA300+) and it 

covered all heating systems excepting square areas of 2 × 2 mm2 that were excluded from isolation at 

the points where electrical current or voltage was meant to be supplied. Finally, chips were diced by 

means of a diamond saw.  

For every heating system, characterization of the metal layers was performed using a profilometer 

(3D Dektak, Veeco) to assess the thickness of the metal layer and the deposition quality. The resistance 

of heaters and temperature sensors was measured by means of a four-point probe station (Karl Suss 

PM8). Characterization of temperature ramps achieved with these systems is presented in detail in 

Chapter 4. 

 
Figure 2-14. Overview of the fabrication protocol of heating systems by photolithography followed by metal deposition 
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iii. Second set of heating systems 

In the second set of heating systems, the film masks presented in Figure 2-13 were also employed so 

that the heaters and temperature sensors had the same geometries and dimensions, but the connectors 

were made in gold instead of silver. The manufacturing process was essentially identical except the 

deposition of a 60 nm thick gold layer along with a 10 nm thick titanium adhesion layer during the 

second metal deposition step. In this case, gold was deposited by e-beam evaporation (Plassys 

MEB550S). The performances obtained with these systems were considerably better than the ones 

obtained with the previous version (see chapter 4 section 4.2.2). Temperature measurements as a 

function of time at different voltage supplies allowed to estimate the difference between the theoretical 

values calculated for the power and the experimental results obtained. This difference was used as a 

“correction factor” to improve the accuracy of the calculations in the heating system design of the final 

MEMS preconcentrator.  

2.2.2.2.3 Design and fabrication of the final MEMS preconcentrator 

Once the performances of the investigated heating systems and the geometry of the microfluidic 

cavity were validated, a version including all the elements was fabricated.  

Two 400 µm thick double-sided polished silicon wafers (4 in., orientation <100>, conductivity type P) 

were used for the fabrication. The size of each prototype was 27 × 12 mm2 so that 10 devices could be 

fabricated in a single wafer. As shown in Figure 2-17a, five prototypes of each microfluidic 

configuration were created per wafer. The dimensions of the chips were selected to leave enough 

space between the drilled inlet/outlet holes to glue two Nanoport® connectors (Idex Health and 

Science, LLC; USA) to the glass plate.  

After the tests performed with the previous heating systems, it was concluded that a heating system 

with 2 heaters was more appropriate in terms of electrical connections since the small electrode 

contacts made difficult to connect more than 4 wires in a single device. The dimensions and geometry 

of the heating resistances were the same as in designs number 2 and 3 (linear, 5 x 1 mm2), except by 

the thickness that was increased to 300 µm. Based on the results obtained in previous tests and 

according to our calculations, two heating resistances with these characteristics should achieve a 

temperature of about 225 °C in 10 s. 



  

 

 

 

 Chapter 2: Materials and methods 

 
113 

  

  

In this final version, temperature sensors were removed due to the problems arose from the electrical 

connections and the measurement of the resistance. Instead, two square contact pads were deposited 

in each chip to facilitate the attaching of an external type K thermocouple. The final design of the 

heating system is presented in Figure 2-17a and Figure 2-17b. 

The manufacturing of MEMS-P was performed in several stages: 

1) Porous gold deposition as adsorbent 

An overview of the whole porous gold deposition process is displayed in Figure 2-15. 

 

Figure 2-15. Process flow of porous gold deposition 

The first step of the microfabrication process was the deposition of the porous gold layer. These pores 

were created by supplying a high voltage current to a deposited thin gold layer. Since silicon is a 

semiconductor, prior to gold deposition, it was necessary to create a conductive path. In order to do 

this, a 50 nm thick titanium layer was deposited on the surface of the silicon wafer followed by the 

deposition of a 100 nm thick copper layer by means of physical vapor deposition (PVD). After that, a 

dry film mask containing the patterns where the gold layer should be deposited (see Figure 2-16a) 

was employed to deposit a protective resin by photolithography. As mentioned before, to create the 

porosity into the gold layer, high voltage supply must be used which limited the total surface of 

deposited gold to 2 cm2 per wafer. Considering this limitation and in order to have a reasonable 

adsorption surface (0.5 cm2), only 4 devices per wafer could receive porous gold as adsorbent.  
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Figure 2-16. Patterns for the fabrication of masks for: (a) SU-8 deposition and (b) gold deposition to form the porous layer  

As illustrated in Figure 2-16b, one pattern for the gold layer was proposed for each configuration: in 

the serpentine configuration, the porous gold was deposited only at the central part of the channels 

whereas in the square design, the gold was deposited only at the centre of the microfluidic cavity. 

Then, a 100 µm thick gold layer was supposed to be deposited by electrochemical deposition but, due 

to manufacturing constraints regarding the gold growing and the desired geometry, only 10 and 40 

µm thick layers could be deposited on the channels and the square, respectively. After that, the resin 

protective layer was removed, and the formed porous gold was protected with other resin by using 

the same dry film mask. Finally, the Ti/Cu layer deposited at the beginning was removed by chemical 

etching followed by protective resin removal by lift–off. 

   

Figure 2-17. Patterns for the fabrication of chromium masks for: (a) titanium and gold deposition, (b) gold etching and (c) 

SiO2 deposition 

Finally, a 500 µm thick SU-8 layer was deposited by spin coating to protect the porous gold during 

the next steps of the microfabrication process.  
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2) Titanium and gold deposition for heating system 

The second step of the fabrication was the titanium and gold deposition to form the heating system. 

An overview of the whole titanium and gold deposition process is displayed in Figure 2-18. 

 

Figure 2-18. Process flow of the fabrication of titanium and gold resistances 

First, a 150 nm thick SiO2 layer was sputtered over the whole wafer for electrical isolation purposes. 

Then, a 300 nm thick titanium layer followed by 150 nm thick gold layer were patterned by 

photolithography using the mask displayed in Figure 2-17a. Then, part of the gold deposited was 

removed by chemical etching using the mask presented in Figure 2-17b. At this point, the heaters were 

finished and a 150 nm thick SiO2 layer was sputtered using the mask shown in Figure 2-17c to protect 

them from impacts.  

3) SU-8 patterning 

Once the heating system was fabricated, the previously deposited SU-8 layer was patterned by 

photolithography using the mask presented in Figure 2-16a and, thus, creating the microfluidic 

cavities as shown in Figure 2-19. SU-8 is an epoxy-based photoresist widely employed in 

microfabrication to create high aspect ratio structures. Traditionally, DRIE is the selected technique to 

create the microfluidic cavity in preconcentrators [39]–[41]. However, this technique is very expensive 

and its cost increases with the desired depth. In this work, an alternative and cheaper approach was 

proposed using SU-8 to pattern the 3D structures on the silicon surface, thus creating the microfluidic 

cavity.  
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Figure 2-19. Manufacturing the microfluidic cavity by SU-8 patterning 

4) Drilling of inlet/outlet holes and SU-8 deposition 

The microfluidic cavities were sealed using a glass plate by adhesive bonding using SU-8. Prior to the 

bonding, inlet and outlet holes were drilled using a sand blasting technique. Sand blasting is a cost-

effective technique for drilling holes in microdevices where a particle jet is directed towards the glass 

plate for removing the material [42]. As illustrated in Figure 2-20, the micromachining process is very 

simple. First, a photoresistant layer was deposited on the glass plate and the holes pattern was 

transferred to the photoresistant by photolithography. Then, two holes were drilled by sandblasting 

and the photoresistant was removed by lift-off. 

 

Figure 2-20. Overview of sandblasting process and SU-8 deposition 

 

5) Adhesive bonding 

Once the glass plate was drilled, it was flipped, and a 15 µm thick SU-8 layer was deposited on the 

glass surface. Once again, the holes pattern was transferred to the photoresist using photolithography. 

This SU-8 layer was used as glue to perform an adhesive bonding between the glass plate and micro-

patterned structures deposited on the silicon wafer. To enable adhesive bonding, the SU-8 surface was 

activated previously with oxygen plasma. Then, both workpieces were put in contact, the temperature 

rose up to 100 °C for the SU-8 to polymerise and high pressure was applied to improve the surface 

contact. After the completion of the bonding, the wafer was diced by means of a diamond saw to 

release the devices.  
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Figure 2-21. Process flow of adhesive bonding 

2.2.2.3 Mixed Aluminium/Polymer Preconcentrator 

With the goal to solve the problems encountered on the previous version of the preconcentrator, it 

was concluded that micromilling technology could be one of the most viable options for the 

manufacturing of the preconcentrator. This technique allows to fabricate microfluidic devices with 

relative high precision at a reasonable price.  

The design of the mixed aluminium/polymer preconcentrator (MAPP) was different from the others 

when it comes to the overall structure but very similar to the MAP in terms of the microfluidic cavity. 

In fact, the geometry of the cavity was the same excepting a long channel arriving to the manifold 

located at each side of the cavity (see Figure 2-22a). For the preconcentration tests carried out with this 

device, 5 mg of Carbopack™ B were manually packed inside the cavity. 

In order to increase the heating rate with regard to the first prototype (MAP), the heating system was 

substituted by a ceramic resistance of 10 Ω with a maximum power of 100 W (Model XH-RJ157012) 

and a maximum operating temperature of 600 °C, which was expected to heat faster with less power 

consumption. This resistance was located below the adsorbent cavity (see Figure 2-22b) and had 

dimensions of 15 × 70 × 1.2 mm3, covering all the aluminium board surface and, thus, avoiding 

temperature gradients along the board. 

The main idea behind this design was to use the same design and working principle than the MAPP 

but with an energy consumption significantly reduced. This reduction is achieved by decreasing the 

weight of aluminium parts and replacing some of them by others made of insulating materials, 

specifically PEEK and ABS (acrylonitrile butadiene styrene). PEEK was employed to fabricate the 

board that provides the sealing for the microfluidic cavity and in which the fluidic connections were 

placed. This board was in contact with the aluminium part and the ceramic resistance; for this reason, 
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a relatively high thermoresistant polymer such as PEEK (maximum operating temperature = 345 °C) 

was chosen. The housing that keeps in place the whole assembly was 3D printed using ABS. This 

material is a very cheap polymer that allows to quickly manufacture customized parts, reducing the 

time consumption as well as the cost of the fabrication process. 

  

  

Figure 2-22. 3D design of MAPP preconcentrator: (a) aluminium board with the cavity and the O-ring microfluidic cavity 

and (b) aluminium board with ceramic resistance; (c) fluidic connections were integrated in a PEEK block and (d) the overall 

structure was fixed using a housing made of two polymer pieces joined by screws  

Heating and cooling rates were characterized for this new prototype (see chapter 4 section 4.3.1) 

exhibiting better performance than the one achieved with MAP device, but there is still substantial 

room for improvement. Furthermore, preconcentration tests conducted for a BTEX mixture revealed 

some problems arising from the adsorbent packing, the flow distribution inside the microfluidic cavity 

and the closing of the device. These problems were critical for the repeatability of the results, 

preventing its use in industrial applications. Therefore, other alternatives were proposed for the 

preconcentrator design. 

2.2.2.4 Micro Aluminium Preconcentrator (µAP1) 

In order to simplify the manufacturing process and reduce the costs, the micro aluminium 

preconcentrator (µAP1) was conceived. This device consists of a 1/8-inch outer diameter copper tube 
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(see Figure 2-23a) in which centre the adsorbent is placed held by two glass wool plugs. The geometry 

was completely changed to avoid the problems related to the fact that some molecules were not 

adsorbed during the sampling due to the difficulty to pack the adsorbent. In this configuration, the 

solid covers the whole cross section of the cylinder, so that the air sample must flow through the 

adsorbent bed and the probability of the molecules to be adsorbed is greatly increased. This copper 

tube was placed inside a small aluminium cube of 6 × 10 × 10 mm3 (see Figure 2-23b) that served as 

contact surface for the heating system. Between the aluminium cube and the copper tube, thermal 

paste was added to improve the thermal transfer. The heating system was made of two flat ceramic 

resistances (10 × 10 × 2 mm3) of 10 Ω with a maximum power of 50 W (Model XH-RJ101012) and a 

maximum operating temperature of 600 °C. The device was connected to the GC system using two 

standard stainless steel and two brass Swagelok fittings of 1/4 and 1/16-inch, respectively, as shown 

in Figure 2-23c. Both fittings were connected by means of a stainless-steel adapter. The dimensions of 

the whole module including the connectors were 80.7 mm in length and 12.5 mm in diameter while 

the weight was 36 g.  

   

Figure 2-23. µPA 3D design: (a) copper tube, (b) copper tube, aluminium cube and ceramic resistances and (c) whole 

assembly including the fluidic connections. 

In this prototype, the use of standard fluidic connectors provided an excellent gas tightness; however, 

due to the heaviness of the assembly and the use of heat-conducting materials for Swagelok 

connectors, the thermal performance was unsatisfactory. Furthermore, the heat transfer was not 

uniform along the device caused by the interface between two different materials (copper and 

aluminium). To overcome this poor heat transfer, another preconcentrator design was proposed in 

which the tube and the cube were made of one single-piece, so that heat transfer was significantly 

improved.  

2.2.2.5 Micro Aluminium Preconcentrator (µAP2) 

As mentioned before, another preconcentrator prototype similar in shape but more compact than the 

previous one was conceived, herein called µAP2. The µAP1 prototype exhibited an extraordinary gas 
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tightness but the poor thermal transfer arising from the different materials employed and its heavy 

weight, limited its performance concerning the BTEX preconcentration. Therefore, the design of this 

new version aimed to improve the performance of the heating system while maintaining the gas 

tightness. For that, the tube and the cube presented in the last version were made of one aluminium 

piece (see Figure 2-24a) reducing the total weight of the device to 29.6 g (connectors included). The 

µAP2 has dimensions of 26 × 12 × 3.2 mm3 and a cylindrical hole of 1.6 mm of internal diameter crossed 

through the length of the device. These cylindrical parts were polished to fit very tight inside the 

Swagelok connectors (6 mm) as shown in Figure 2-24b. This device was fabricated using traditional 

milling techniques that imply the use of cutting oils to cool and lubricate the material during the 

machining process. Therefore, once the device fabricated, it was washed with acetone in an 

ultrasounds bath for 2 h and then rinsed with deionised water. Afterwards, it was heated to 200 °C 

and a 20 NmL/min nitrogen flow was passing through it for 1h. Finally, 5 mg of adsorbent were 

packed manually inside the cylindrical cavity and held using two glass wool plugs.  

Figure 2-24. µAP2 3D design: (a) aluminium block; (b) aluminum block, Swagelok standard connectors and ceramic 

resistances; (c) first draft of the housing of µAP2 protoype including two fans for rapid cooling. 

The heating system of µAP2 was the same as the one employed in µAP1: two ceramic resistances (10 

x 10 x 2 mm3) of 10 Ω (Model XH-RJ101012). Since the weight of µAP2 was slightly reduced and the 

whole device was made of the same material, the heating power of this device was exceptionally 

improved. The results corresponding to the performances of the heating system are presented in detail 

in chapter 4 in section 4.5.1. Preconcentration tests were also conducted injecting a BTEX mixture at 

different concentrations and using several sample volumes. The results showed an outstanding 

linearity of the signal with the injected concentration and sample volume. Furthermore, the fast 

heating ramp allowed to have sharper chromatographic peaks and, thus, better sensitivity than the 

one obtained with MAP (Lara-Ibeas et al., 2019). For this prototype, the design of a specific housing 

integrating two fans is in progress in order to accelerate the cooling process of the device.     
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2.3 Conclusions 

In the first part of this chapter, the materials employed in this research work as well as the analytical 

techniques employed for their characterization have been presented. These techniques provided 

valuable information concerning the morphology, specific surface area, porosity, thermal stability and 

water affinity of these materials necessary prior to the interpretation of the adsorption data. A detailed 

description of the different setups employed for VOC dynamic adsorption experiments was presented 

and the methods to determinate the adsorption capacity of the investigated materials were also 

detailed.  

In the second part, the working principle of the compact GC employed throughout this thesis has been 

described. Since one of the main objectives of this work was to increase the sensitivity of this 

instrument, five different versions of a preconcentrator were conceived and fabricated. The 

advantages and drawbacks of the decisions made concerning materials, geometries and heating 

systems have been presented in this section. The great efforts made to develop an operational device 

illustrate the complexity and interdisciplinarity of the design process of an analytical instrument. 

Finally, the last PC version (µAP2) complies with the requirements established in the objectives of this 

project in terms of sensitivity, energy consumption and costs. 
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Chapter 3. Field Measurements: BTEX near real-time monitoring in two primary 

schools in La Rochelle, France 

3.1 Impact’Air Project 

In recent years, indoor air quality (IAQ) has gained attention due to the adverse effects of pollutants 

on human health. These effects are even more serious for children due to their higher inhalation rates, 

the continuing development of their tissues and organs and their immature immune system [1]. 

Besides, children spend long time indoors where levels of pollutants are usually from 2 to 10 times 

higher than outdoors. Daisey et al. reported that nearly 30 % of the time indoors is spent at school [2]. 

In this context, the Impact’Air project aimed at quantifying the concentrations-time profiles in order 

to better characterize the indoor air pollution in schools and to provide some useful recommendations 

for improving their air quality. In the framework of this project, a field campaign was carried out in a 

kindergarten and two primary schools of La Rochelle (France) for five weeks. The main objectives of 

this project were: 

- to monitor French indoor regulated air pollutants (formaldehyde, benzene, and CO2) 

- identify the main emissions sources of air pollutants 

- estimate the efficiency of various ventilation scenarios on IAQ 

- draft of general good practices guidelines in IAQ in schools 

Although formaldehyde and benzene are the only regulated VOC, toluene, ethylbenzene and xylenes 

were also monitored since the continuous exposure can lead to health problems and physical 

discomfort [3]. Additionally, CO2 concentration was continuously measured and was adopted as an 

indicator of ventilation rates inside the building. 

In order to identify the main pollution sources and the efficiency of the different ventilation scenarios, 

air quality measurements were conducted in different conditions each week. During the first week, 

the investigated classrooms were always closed, not ventilated and occupied neither by students nor 

by teachers. Thus, the contribution of the building materials to the indoor air pollution could be 

estimated. At the beginning of the second week, the furniture was added, and the classrooms 

remained closed for the whole week. This scenario enabled to quantify the additional pollution 
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potentially emitted by the furniture. Finally, the last three weeks, normal school activities were carried 

out in the classrooms and different ventilation practices were performed each week.  

Our real-time measurements, contrary to traditional passive sampling, allowed us to establish BTEX 

concentration-time profiles and to identify exactly when higher concentrations of BTEX were emitted, 

which allowed us to determine the origin of the main pollution sources. A detailed description of the 

development of this field campaign and the results obtained are presented in the following 

publication. 

3.2 Article 1 published in Air Quality, Atmosphere & Health: “BTEX near real-time monitoring in 

two primary schools in La Rochelle, France 
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3.3 Conclusions 

This chapter presents a field campaign of indoor air quality conducted in two French primary schools 

where BTEX concentrations were continuously monitored by using portable pre-industrial prototypes 

for 5 weeks. Various scenarios of occupation and ventilation were studied to determine the potential 

pollutant sources and to evaluate the efficiency of the different ventilation methods. 

The near-real time measurements performed with GC prototypes allowed to record temporal 

variation of BTEX levels during the 5 weeks. CO2 levels were simultaneously monitored during the 

field campaign and they were used as a ventilation indicator. The comparison between CO2 and BTEX 

concentrations allowed us to identify the origin of their main emission source, whether it was internal 

or external. All the BTEX were present in the investigated classrooms at different levels excepting in 

the kindergarten, where all BTEX levels were lower than the detection limit of the device. Among 

BTEX, toluene was the most abundant compound in both schools. Its concentration was strongly 

correlated to CO2 concentration suggesting that the main emission source was internal. Furthermore, 

repetitive patterns were observed during the last three weeks indicating that these high levels were 

related to children activities.  

This study highlights the importance of near-real time measurements compared to traditional passive 

sampling. Indeed, this type of measurements provides high temporal resolution enabling to identify 

the specific periods of time where a rise in BTEX concentrations is produced and thus identify the 

potential pollution sources. It has been demonstrated that the comparison and correlations of BTEX 

and CO2 concentrations were very useful to determine the origin of such sources. 

In conclusion, our compact highly portable GC has shown its ability to monitor BTEX continuously 

over long periods of time and to record small changes in its concentration related to children activities 

or ventilation, which is not possible with classical passive sampling methods. Nevertheless, a more 

sensitive instrument is needed to quantify benzene concentrations lower than 1 ppb as established by 

the recent French IAQ legislation. In this regard, the development and integration of a 

preconcentration unit has been performed to address this issue and is detailed in chapter 4. 
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Chapter 4. Development of a preconcentrator for BTEX quantification 

One of the main objectives of this research work was the development of a preconcentrator to increase 

the sensitivity of the GC prototype presented in chapter 2 in section 2.2.1. The new version of the GC 

prototype should improve significantly its sensitivity and exhibit a detection limit lower than 0.6 ppb 

for benzene, to meet with the new French legislation concerning indoor air quality in public buildings. 

Furthermore, it must maintain similar features of the previous GC prototype concerning: 

- Energy consumption: the increase in the energy consumption due to the integration of the 

preconcentrator (PC) should be limited since the overall GC system should be battery 

powered;  

- Analysis time: addition of a preconcentration step should not significantly increase the total 

analysis time. 

In this chapter, the microfluidic-based preconcentrators prototypes presented in chapter 2 section 2.2.2 

are evaluated in terms of temperature increase and BTEX preconcentration performance and the 

obtained results are discussed. The methodology followed to determine the optimal operating 

conditions is also described. Finally, the performances of the different developed preconcentration 

units are compared with those available in the literature and discussed in terms of advantages and 

drawbacks. 

4.1 Macro Aluminium Preconcentrator (MAP) 

MAP was the first version of the preconcentrator. This version allows to understand how complex it 

is to design an analytical device due to the problems encountered during the development and testing 

of this prototype.  

4.1.1 Leakage test 

The first test was always related to the leakage. To this purpose, leakage was tested in adsorption and 

desorption conditions using the setup presented in Figure 4-1. In Figure 4-1a, controlled flow rates 

between 5 and 20 NmL/min were flowing through the preconcentrator (red line) to simulate the flow 

rates that could be employed during adsorption. The mass flow controller (MFC) setpoint was 

compared to the reading of the reference flow meter placed at the exhaust. Once the absence of leakage 
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was checked in these conditions, desorption conditions were tested. For this purpose, the six-port 

valve was switched and the PC was then connected to the GC column and subjected to a pressure of 

4 bar (see Figure 4-1b, blue line). The flow rate was measured after the PID and should be the same as 

when the carrier gas is directly connected to the GC column (i.e. ~2.5 NmL/min). The PC was then 

heated up to desorption temperature (~200 °C) and cooled down to the room temperature, the leakage 

being evaluated according to the above-mentioned procedure after the adsorption/desorption cycle 

where the PC was under pressure at high temperature. This procedure was followed for each PC 

prototype. If no leakage was observed in these conditions, characterization of the temperature ramp 

and preconcentration tests were then conducted. 

 

 

 Figure 4-1. Setup employed in PC gas leakage testing simulating adsorption (a) and desorption (b) operating modes 



  

 

 

 

Chapter 4: Development of a preconcentrator for BTEX quantification 

 
151 

  

  

The described procedure for leakage testing was followed with MAP. During the test in adsorption 

mode, no flow was observed at the exhaust suggesting that the gas flow was blocked somewhere. In 

desorption mode, there was no flow after the detector and an increase in the pressure up to 5.5 bar 

was noticed in the pressure controller that was set at 4 bar, indicating that something was blocking 

the air flow. After checking the fluidic connections, an error in the design of the PC was observed, the 

depth of the screw holes was not enough and the thread of the connector exceeded the screw hole, 

causing the blocking of the air flow as shown in Figure 4-2. The solution was to not completely tighten 

the screw to avoid the blocking of the air passage, add some Teflon tape around the thread and some 

epoxy resin around the connector to seal the connection and prevent any leakage. After this, the device 

was tested in the aforementioned conditions and no more leakage was observed.  

 

Figure 4-2. Blocking of air passage in MAP due to a design error. To 

visualize the inner part of MAP, the top part was shown as transparent 

4.1.2 Temperature tests 

The heating performance of a PC is a critical factor in analyte quantification since it plays a key role 

on the peak resolution. If the temperature ramp during the desorption is very slow, indeed, the 

resulting chromatographic peaks will be large promoting the coelution of some of them. On the 

contrary, an efficient heating system provides a fast desorption of the analytes resulting in sharp and 

well-defined chromatographic peaks. In MAP, the heating system consisted of three heating 

cartridges (Watlow, St. Louis, MO, USA) of 70 W each controlled by a PID controller (CAL Controls, 

UK) and the temperature was measured with a type K thermocouple (RS Components SAS, France). 



  

 

 

 

Chapter 4: Development of a preconcentrator for BTEX quantification 

 
152 

  

  

The temperature ramp obtained using this heating system with a nominal voltage supply of 24 V and 

a current of 14.7 A is displayed in Figure 4-3. As it can be observed, 250 °C were reached in 90 s. Taking 

as a reference the desorption temperature of BTEX from Carbopack® B, which is usually between 200 

and 250 °C [1], the minimum time to reach this temperature was 70 s and, thus, the injection time 

should be at least 70 s. 

Another vital issue for the preconcentrator development is the cooling time, i.e. the time needed to 

return to the adsorption temperature. After desorption, temperature should drop rapidly to reach the 

room temperature before initiating the sampling of the next analysis. Since BTEX analysis is conducted 

every 10 min, ideally, the time needed to reach room temperature should not exceed 5 min. In this 

way, the sampling of the next analysis could start when the separation of the first analysis is still in 

progress and the gaseous sample injection could be performed right after the end of the first analysis. 

Initially, the time to reach room temperature from 200°C by natural convection cooling was measured. 

As it is observed in Figure 4-4, this device required 30 min to return to the room temperature due to 

its relative high mass of 54.9 g and thermal inertia. This time is even longer than the total analysis time 

and, therefore, was not compatible with near real-time measurements. In consequence, a total of three 

fans were added in order to accelerate the device cooling. This change produced a considerable 

improvement in the cooling rate and the cooling was achieved in less than 6 min instead of 30 min. 

 

Figure 4-3. Temperature ramp obtained in MAP with a voltage 

supply of 24 V and a current of 3 A 

  

Figure 4-4. Device cooling by natural convection cooling 

(purple), one fan (green), two fans (orange) and three fans 

(blue)  

Once heating and cooling procedures were validated, MAP preconcentration performance was 

investigated by using three different adsorbents. 
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4.1.3 Main results obtained 

Since Carbopack® B is a reference material and it is known from literature that BTEX are well 

desorbed at temperatures between 200 and 250 °C [1], the first experiments were carried out using 

this material as adsorbent.  

Initially, MAP was filled with 5.7 mg of Carbopack® B and conditioned at 200 °C for 1 h. Once the 

device was at room temperature, preconcentration performance was evaluated by injecting 100 ppb 

BTEX samples of 40 mL. In the first experiment, the desorption temperature was set at 220 °C. Right 

after each sample, a desorption at the same temperature was conducted to verify that all BTEX 

molecules were desorbed. The second desorption resulted in BTEX chromatographic peaks of much 

less intensity indicating that the first BTEX desorption was not fully complete. Therefore, a cleaning 

step was added between consecutive analysis to ensure the total desorption of the analytes. This step 

consisted of raising the temperature of MAP to 220 °C while a nitrogen flow of 20 NmL/min was 

passing through. To achieve the total cleaning of the adsorbent, several cleaning durations were tested 

and, finally, it was concluded that the duration should be adapted to the amount of BTEX injected 

because the residues were proportional to the concentration injected. Depending on the injected 

concentration, cleaning steps from 30 to 60 min were sometimes required to remove 95 % of residues. 

Obviously, this duration is far from ideal, since our objective was to perform the whole analysis within 

a maximum of 20 min. Despite this problem, several preconcentration tests were performed in order 

to validate the proof of concept of this device.  

For this purpose, 40 mL samples of BTEX at several concentrations ranging from 10 to 100 ppb were 

injected in duplicate. A cleaning step between 30 and 60 min was performed between two consecutive 

analysis. After each cleaning, a blank was conducted to verify that the adsorbent was totally clean. 

Chromatograms were integrated and the average of peak areas obtained from duplicates versus the 

injected concentration of each compound are plotted in Figure 4-5a and Figure 4-5b. 

As it can be seen, the peak areas increased linearly with the injected concentration demonstrating that 

the MAP device is functional. This linearity was confirmed by the R2 coefficients of the linear fitting 

that varied from 0.9772 to 0.9951 (see Table 4- 1) depending on the species.  
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Figure 4-5. Average peak areas versus the injected concentrations of a) benzene, ethylbenzene and o-xylene and b) toluene 

and m/p-xylenes for 40 mL BTEX samples. Horizontal error bars correspond to the uncertainty obtained during BTEX 

generation calculated as explained in Appendix and vertical error bars are the standard deviation of duplicates. 

Table 4- 1. Calibration equations and coefficients of determination obtained from the linear fittings forced through zero 

Compound Calibration equation R2 

Benzene y = 1306.5 x 0.9876 

Toluene y = 738.5 x 0.9951 

Ethylbenzene y = 180.0 x 0.9903 

m/p–Xylenes y = 284.6 x 0.9874 

o-Xylene y = 353.8 x 0.9772 

Despite the incomplete desorption of BTEX, the molecules were desorbed in a reproducible way. To 

improve BTEX desorption, the best option would be to increase the desorption temperature but, 

during the heating-cooling cycles and preconcentration tests, a considerably deterioration of the 

epoxy resin employed to prevent leakage was observed. As a result, some peaks appeared in the 

chromatogram corresponding to compounds released from the resin and a leakage was detected at 

the fluidic connectors. Due to these thermal limitations, Carbopack® B cannot be used as adsorbent 

in this preconcentrator prototype because it requires high desorption temperatures causing damage 

of the preconcentration unit. However, the device was fully operational, and it could be useful if filled 

with a different adsorbent enabling low temperature desorption of BTEX.  

Some studies reported desorption temperatures of 150 °C for toluene from mesoporous silica [2]. This 

is why a mesoporous silica, i.e. SBA-16, was tested as an alternative adsorbent. This material was 

already used for the preconcentration of BTEX [3] in its microporous form. Since the interactions of 



  

 

 

 

Chapter 4: Development of a preconcentrator for BTEX quantification 

 
155 

  

  

molecules in the micropores are usually stronger, we thought that the desorption temperature could 

be lower on the mesoporous counterpart. 

The first part of the experiments was related to the optimization of the desorption temperature. Since 

high temperatures such as 200°C could potentially damage the connectors leading to leakage, the 

highest temperature tested was therefore 180 °C. For the optimization, two replicates of 20 mL samples 

of BTEX at 100 ppb were injected and desorbed at 135, 150 and 180 °C. The average peak areas obtained 

for each compound are displayed in Figure 4-6. As can be seen in the figure, peak areas were lower at 

135 °C indicating that, at this temperature, the desorption was not complete. On the other hand, the 

areas of the desorption peaks at 150 and 180 °C were nearly similar suggesting that the same quantity 

of molecules was desorbed whatever the compound. Therefore, 150°C was chosen as the appropriate 

desorption temperature to prevent the deterioration of this PC prototype.  

Desorption was performed right after each injection, to evaluate the residuals remaining on the 

adsorbent. Residues of considerably intensity were found after each desorption indicating that 

desorption was not fully satisfactory in any of the cases. Therefore, a cleaning experimental protocol 

was developed as described for Carbopack® B, adapting the duration depending on the injected 

concentration and using a temperature of 180 °C considered as the usable maximum temperature. 

Despite the incomplete desorption, a series of 20 mL BTEX samples of different concentrations ranging 

from 10 to 200 ppb were injected into the system to verify the linearity of the detector response. 

Unfortunately, using this adsorbent and due to the effect of preconcentration, the peaks 

corresponding to ethylbenzene and xylenes were significantly enlarged and, thus, too coeluted for an 

accurate integration; therefore, these peaks were integrated together. The resulting peak areas were 

plotted versus the concentration (see Figure 4-7). Even if the desorption was not fully accomplished, 

the obtained peak areas increased linearly with the concentration and preconcentration factors of 11 

were achieved for benzene and toluene.  

The last tested adsorbent was Basolite® C300. To this purpose, a MAP preconcentrator prototype was 

filled with 5.8 mg of Basolite® C300. Since the temperature was the critical point in previous tests, the 

first step was the optimization of the desorption temperature. For this purpose, three replicates of 20 

mL BTEX samples of 100 ppb were injected and they were desorbed at different temperatures, i.e. 125, 

135 and 150 °C, which is considerably lower than the maximum temperature of 200 °C usable without 

any damage. 
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Figure 4-6. Optimization of the desorption temperature 

(100 ppb 20 mL) between 135 and 180 °C. 

 

Figure 4-7. Peak areas obtained for the injections of different 

BTEX concentrations ranging from 10 to 200 ppb. Vertical 

error bars correspond to the standard deviation of duplicates. 

Linear fitting was forced through zero.  

As illustrated in Figure 4-8, there was no big difference between the peak areas obtained at different 

temperatures. The peak areas obtained at a desorption temperature of 150 °C were slightly higher; 

hence, this temperature was set for further experiments.  

 

Figure 4-8. BTEX peak area as a function of desorption temperature 

(20 mL, 100 ppb). Vertical error bars represent the standard 

deviation of triplicates. 

Once desorption temperature was optimized, the residues after the first desorption were evaluated 

by conducting a second desorption right after the first one. Even if the residues peaks were much less 

intense than in the case of Carbopack® B or SBA-16, some of them were still present, and therefore, a 

cleaning step was required. Different cleaning durations were tested at a temperature of 180 °C and 

10 min was found to be an efficient cleaning step even in the case of highly concentrated samples such 
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as 100 ppb. As can be seen in Figure 4-9, the residues measured after the cleaning step were barely 

visible, they were quantified and they represented lower than 3% of the injected concentration. It 

means that the error made in quantification of highly concentrated samples is less than 3 ppb and it 

decreases as the injected concentration decreases. Actually, these tests were made by using a 

concentration of 100 ppb that mimics an extremely polluted environment where the use of 

preconcentrator is not necessary. The idea behind this test was to put the device under extreme 

conditions to estimate the measurement error and ensure that, even in the extreme cases, the device 

could provide accurate results.  

 

Figure 4-9. Chromatograms obtained after the injection of 100 ppb 

BTEX sample (blue), desorption right after the first desorption 

(orange) and desorption after a cleaning step of 10 min (red)  

After desorption temperature and cleaning duration, other operating conditions were optimized. 

First, different sampling flow rates were evaluated to verify that all molecules were trapped during 

the adsorption step. For this purpose, flow rates of 2, 5, 10 and 15 NmL/min were tested in duplicate 

to sample a total volume of 40 mL. The measured peak areas for each compound are presented in 

Figure 4-10. As it is obvious from this figure, at flow rates higher than 5 NmL/min, the amount of 

trapped BTEX decreased suggesting that some of the molecules are not adsorbed. This fact can be 

explained by the velocity of the flow and also by a mistake in the device design. In fact, since the 

adsorbent had to be packed manually, it was noticed that sometimes the cavity was not perfectly filled, 

leaving some free paths for gas molecules to pass through the cavity without crossing the adsorbent 

bed. Similar results were obtained for lower flows, i.e. 2 and 5 NmL/min indicating that the same 

amount of BTEX was trapped at both flow rates. Therefore, 5 NmL/min was chosen as the optimal 
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sampling flow rate as the best compromise between a quantitative sampling and a short sampling 

time.  

The injection time was the next parameter optimized in this work. From the heating tests performed 

in the first part of the study, it was demonstrated that the device achieved 150 °C in 60 s. Since the 

optimized desorption temperature was 150 °C, it was decided to arbitrarily set 80 s as injection time, 

which included 60 s for the device to reach 150 °C and kept this temperature for 20 s. To evaluate the 

influence of this parameter, injection times of 65 and 95 s were also tested. The peak areas obtained 

for each compound in all experiments were very similar (see Figure 4-11), demonstrating that this 

parameter has a minor influence in desorption compared to other parameters investigated in this 

study. Similar peak areas were observed for injection times of 80 and 95 s whereas they were slightly 

lower for 65 s; therefore, 80 s was chosen as the optimal injection time.  

 

Figure 4-10. Benzene and toluene peak areas as a function of 

flow rate for 40 mL of 100 ppb BTEX samples. Vertical error 

bars represent the standard deviation of duplicates. 

 

Figure 4-11. Benzene and toluene peak areas as a function of 

injection time (20 mL, 100 ppb). Vertical error bars represent 

the standard deviation of duplicates. 

Using the optimal operating conditions determined in the aforementioned experiments, a detailed 

characterization and calibration of the system using Basolite® C300 as adsorbent was performed. The 

results obtained are described in detail in the publication untitled “Sub-ppb level detection of BTEX 

gaseous mixtures with a compact prototype GC equipped with a preconcentration unit“ presented in 

the next section. 

Although this system is far from ideal, the results obtained in the preconcentration tests were 

satisfactory in terms of sensitivity.  By integrating MAP in the prototype GC presented in Section 2.2.1, 
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detection limits of 0.20, 0.26, 0.49, 0.80 and 1.70 ppb were achieved for benzene, toluene, ethylbenzene, 

m/p-xylenes and o-xylene, respectively. 

4.1.4 Article 2 published in Micromachines “Sub-ppb Level Detection of BTEX Gaseous Mixtures 

with a Compact Prototype GC Equipped with a Preconcentration Unit “ 
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4.2 MEMS Preconcentrator (MMP) 

Although the results obtained with MAP exhibited a significant enhancement of the GC prototype 

performance in terms of sensitivity, the high energy consumption required by the preconcentrator 

and the peak widening were some aspects to be improved. Our objective was to develop a very 

sensitive portable analyser, which implies that the energy consumption should be minimal to enable 

its use powered by battery. To achieve this goal, this new preconcentrator version was fabricated by 

using microfabrication techniques. The deployment of these techniques allowed fabricating a 

miniaturised device with an integrated powerful and low-consuming heating system. This device 

weighted 0.86 g, which resulted in not only a reduction in the energy consumption, but also a much 

faster temperature ramp and a more rapid cooling due to the decrease of the thermal inertia compared 

to MAP.  The fabricated prototypes are displayed in Figure 4-12. The results obtained in the performed 

flow simulations, as well as the optimization of the heating system and the performances of the final 

device are presented below. 

  

Figure 4-12. MMP Prototypes a) empty and filled with porous gold (black shape) and b) filled with PDMS and porous gold 

4.2.1 Flow Simulations 

As explained in chapter 2 section 2.2.2.2.2, flow simulations were conducted using flow rates of 2.5 

and 5 mL/min to evaluate the flow distribution and pressure drop in the proposed configurations in 

the absence of granular adsorbent. Ideally, if simulations data are accurate, they should not change 

by increasing the density of the mesh in the model. As observed in Table 4-2, the refinement of the 

mesh influences very slightly the results obtained for pressure drop and maximum velocity, indicating 
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that the values calculated using M1 were accurate in all cases excepted at a flow rate of 2.5 mL/min in 

the square configuration.  

Table 4-2. Pressure drop and maximum velocity obtained at different flow rates in absence of granular adsorbent 

Configuration Flow rate (mL/min) Mesh Pressure drop (Pa) Maximum velocity (m/s) 

Serpentine 

5 
1 104.7 0.899 

2 107.4 0.910 

2.5 
1 50.3 0.439 

2 51.6 0.442 

Square 

5 
1 10.0 0.825 

2 9.3 0.840 

2.5 
1 4.6 0.421 

2 6.1 0.333 

In all cases, the serpentine configuration exhibited much higher pressure drop than the square 

counterpart due to the higher length and shorter width of the channel. This behaviour is illustrated in 

Figure 4-13a. In square configuration the pressure variation is far lower and pressure is almost 

constant along the microfluidic cavity (Figure 4-13b). Both pressure drops were almost negligible and, 

thus, they were considered satisfactory for our application. At this point, it is important to note that 

these pressure drops were estimated for an empty device and, thus, they are expected to increase 

when the adsorbent is added. However, these results can be a relatively acceptable estimation for the 

pressure drop when thin film adsorbent (~100 µm) is deposited inside the device. On the contrary, 

this value can totally change if a granular adsorbent is employed. In this case, more complex 

simulations considering the adsorbent particle size and porosity are needed to estimate the pressure 

drop. However, these simulations are not within the scope of this work.  

 
 

Figure 4-13. Pressure cartographies obtained after a CFD simulation for a flow rate of 5 mL/min in (a) serpentine and (b) 

square designs 



  

 

 

 

Chapter 4: Development of a preconcentrator for BTEX quantification 

 
175 

  

  

The velocity distribution in both designs was also simulated, and the results obtained for the velocity 

field in the XZ plan of symmetry are presented in Figure 4-14. As can be observed in the figure, the 

velocity field was much more homogeneous in the square configuration where, as it was previously 

observed in pressure distribution, velocity was almost constant over the whole microfluidic cavity. 

Consequently, in a XZ plan, a uniform residence time distribution of the molecules is expected for this 

configuration.  

 
 

Figure 4-14. Velocity distribution in serpentine (a) and square (b) configurations obtained after a CFD simulation for a 

flow rate of 5 mL/min 

In both designs, velocity significantly varies across the channel depth in the Y-direction, naturally 

reaching its maximum value in the symmetry plane. In the case of serpentine design, however, this 

gradient is also very significant along the width, due to the small width of the channel. In order to 

illustrate this variation, a plot of velocity along the X-axis is represented in Figure 4-15a, in which the 

velocity is equal to 0.83 m/s at the points near the centre of the channel whereas it is zero at the walls. 

Similar effects are naturally observed along the Y-axis as it is shown in the inset of Figure 4-15b but in 

this direction gradients are similar for both designs. The gradients of velocity in the XZ plane, 

however, certainly lead to a less homogeneous residence time distribution of the molecules compared 

to the square design, where the velocity gradient is only significant along the depth, in the Y-direction. 

Finally, pressure drops in both designs were considered satisfactory and the two proposed 

configurations were fabricated. Even if the velocity distribution was not optimal in the case of 

serpentine, this device was fabricated to evaluate the influence of this parameter on the 

preconcentrator performance that can provide useful recommendations for future device design. 
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Figure 4-15. a) Velocity variation along the blue line (X-axis) shown in b) 

4.2.2 Temperature tests 

Prior to the final device, two sets of heating systems were fabricated and tested to find the optimal 

features for the design. Results of this optimization are detailed in this section.  

- First set of heating systems 

The first set of heating systems was made by metal deposition of silver and titanium in Strasbourg 

nanotechnology facilities (ST nano Platform). The masks presented in section 2.2.2.2 were employed 

in the microfabrication process. As shown in Figure 4-16, four different configurations were proposed 

and each one was fabricated in duplicate. 

 

Figure 4-16. Silicon wafer prior to dicing containing the first set of heating 

systems. Four different designs (1, 2, 3 and 4) were fabricated in duplicate. 

Designs 1 and 4 were composed of four heating resistances, so that eight wires were required to 

provide the energy supply. After some attempts, it was impossible to connect so many wires in such 

a small device with the techniques available. Therefore, only designs with two heating resistances 
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(designs 2 and 3) could be tested. During the experiments, a type K thermocouple (RS Pro, France) 

was employed to measure the temperature. The temperature ramps obtained at different voltage 

supplies are presented in Figure 4-17a and Figure 4-17b. 

  

Figure 4-17. Temperature curves obtained with heating system designs (a) 2 and (b) 3 with silver-titanium resistances 

As can be observed from the plots, even if the silver layer geometry was the same in both designs and, 

thus, the same heating power was delivered, design 2 was found more efficient than design 3. In the 

second configuration, 230 °C were reached in 30 s by using a voltage of 17.5 V whereas in the third 

configuration, 181 °C were achieved in 60 s at almost the same voltage (17.6 V). The only difference 

between these two prototypes was the connection to the power supply. The first idea was indeed to 

weld the wires to the electrodes, but it was not possible because the welding could not join both pieces, 

so a silver conductive paste was employed instead. Since the application method of this glue was 

completely manual, it was impossible to connect the wires in exactly the same way. It was observed 

that the better the wires were attached, the better the electrical transfer and the faster the heating, so 

that the difference between both systems was probably due to the superior electrical conductivity on 

the electrodes. Furthermore, the paste enabled to attach the wires, but they were detached easily when 

applying high voltages or the temperature reached more than 230 °C. Even if this glue was thermally 

resistant, a considerable deterioration was observed on the glue and on the electrodes, where the silver 

layers gradually became dark grey when exposed to high temperatures. For this reason, during the 

experiments, the temperature was limited to this value even though the initially desired performance 

was to heat the device up to 250 °C in 20 s.  

This objective of reaching 230 °C was achieved in 30 s by using design 2 at a voltage of 17.5 V. Actually, 

the heating systems were conceived to operate at 12 V instead of 17.5 V but some parameters were not 
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considered in the calculations. First, as explained before, the connection between the wires and the 

electrodes play a crucial role in the performance of the heating system. These connections generated 

additional resistance to the current flow that were not considered in the calculations, and that is 

probably one of the reasons why there was a considerable difference between the voltage employed 

for the calculations and the real voltage required. The other reason that could explain this difference 

could be the resistivity; in fact, this value is different in a bulk material or a thin film due to the 

differences in their microstructures [4]. As the resistivity of 100 µm thin film of titanium was not found 

in the literature, the resistivity employed in the calculations was the bulk resistivity of titanium 

(41.7⨯10-8 Ω m [5]). In general, the resistivity of thin films is higher than the one of the bulk materials, 

so that the estimated resistance of the layer was underestimated implying lower heating power. 

- Second set of heating systems 

In order to improve the electrical connections, a second set of heating systems was fabricated using 

the same designs but this time gold, instead of silver, was employed for the electrodes. Gold has higher 

resistivity (2.0510⨯10-8 Ω m at 273 K [5]) than silver (1.467⨯10-8 Ω m at 273 K) but it is less susceptible 

to be damaged and oxidized.  

In this set, similarly to silver-titanium resistances, designs 1 and 4 could not be tested and, in addition, 

design 2 was damaged during the fabrication process and it was not possible to be tested. Therefore, 

only design 3 was tested at different voltage supplies. As it is obvious from Figure 4-18, the 

temperature ramps achieved with this system need much less voltage to achieve similar performance. 

Using this system, indeed, 205 °C were reached in 22 s by using 12 V. Considering that temperatures 

higher than 230 °C may damage the conductive paste, it can be considered as an acceptable result and, 

therefore, gold was selected to fabricate the electrodes in the final device. 

Taking into consideration the results obtained with this heating system, a correction factor was 

calculated by comparing the expected and the real performances of the heating resistances. This factor 

was applied in the calculations to design the heating system of the final prototype.   
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Figure 4-18. Temperature plots obtained with the heating system, 

design 3, with gold-titanium resistances (nominal current of 1.5 A) 

- Final heating system of MMP 

The heating system integrated in MMP was composed of two resistances as in the design presented 

in the previous paragraph. Since the performance of these resistances was characterized, the same 

geometry was maintained in the final prototype. In this version, the heating resistances were placed 

at opposing ends of the device to limit temperature gradients along the chip. Furthermore, the 

thickness of the titanium layer was increased to 300 µm enabling theoretically to reach 225 °C in 10 s 

at a voltage of 12 V. The final heating systems of the 10 chips fabricated at LAAS nanotechnology 

facilities (Toulouse, France) are presented in Figure 4-19a. 

As in the other versions, electrical wires were connected to the electrodes by using silver conductive 

glue. In Figure 4-19b, the results of the increase of temperature in MMP using different voltage 

supplies are presented. This design perfectly meets the objectives set out during the designing step, 

since 220 °C were experimentally achieved in 10 s using a voltage supply of 12 V and current of 1 A. 

This fast temperature ramp guarantees a flash desorption and represents a considerable enhancement 

compared to the previous preconcentrator version (MAP) that achieved 200 °C in 70 s. 

Unfortunately, during the heating tests some of the chips cracked. The difference in the thermal 

expansion of the SU-8 resin and the glass caused the glass cracking when the temperature changed 

rapidly, i.e. when heating or cooling. Due to this critical defect in the design of the device, MMP was 

unable to stand temperatures higher than 100 °C. After the cracks, the chips were leaking and, 

therefore, in most cases, the preconcentration cycle was impossible to perform. 
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Figure 4-19. a) Bottom part of silicon wafer containing the heating system of 10 chips; b) Temperature increase at 

different levels of voltage supply with current intensity fixed at 1 A. 

4.2.3 Preconcentration tests 

Despite a great number of devices broken during the heating tests, one preconcentrator with square 

microfluidic cavity filled with porous gold could be tested for adsorption at room temperature and 

desorption at moderate temperature.  

In order to carry out the tests, a housing was fabricated by 3D printing. It consists of two plastics parts 

joined by four screws. At the top of the housing (see Figure 4-20a), two holes served to hold the fluidic 

connectors (Nanoport®, Idex Health and Science, LLC; USA). Inside the housing, at the bottom part, 

two metal rods were placed to be in contact with the electrodes of the heating resistances. The contact 

between the rods and the electrodes was reinforced by using silver conductive paste and wires were 

used to connect these rods to the voltage supply. The holes displayed in Figure 4-20b served to pass 

through the wires and place the temperature sensor employed in the tests. 

The integration of the electrical and fluidic connectors in MEMS-based devices was not easy, and 

many efforts were devoted to the development of this housing. Finally, this configuration allowed to 

have a gas-tight device that could be electrically supplied. However, the assembly was not robust and 

after some tests leakage was observed, or the heating resistances were disconnected from the housing, 

making impossible the use of the device. Nevertheless, despite all the problems encountered, some 

preconcentration tests could be done. 
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Figure 4-20. Housing of MMP integrating fluidic and electrical connections: (a) top and (b) bottom views 

Prior to these tests, the device was conditioned at 80 °C for 30 min under a nitrogen flow of 

10 NmL/min. After that, two injections of 100 ppb BTEX samples of 50 mL at a flow rate of 5 NmL/min 

were performed. The device was gently heated to 80 °C in 60 s to limit the risk of cracks and this 

temperature was kept for 20 s. In these two samples, BTEX peaks were almost indistinguishable from 

the baseline of the chromatogram suggesting that a minimal amount of BTEX was trapped on the 

porous gold. Therefore, the sampling volume was increased to 300 mL. The obtained chromatogram 

is presented in Figure 4-21. In order to compare the performance with the previous preconcentrator 

version, preconcentration factors were calculated for each compound by dividing the peak area 

obtained using the preconcentrator and the peak area obtained using the sampling loop. 

Preconcentration factors were calculated to be 1.2, 2.1, 4.0, 3.5 and 2.3 for benzene, toluene, 

ethylbenzene, m/p-xylenes and o-xylene, respectively, indicating a very limited performance in terms 

of preconcentration. This poor result was probably due to limitations in the adsorption and desorption 

of BTEX. On the one hand, one of the drawbacks of thin film adsorbents is the low adsorption capacity 

since the amount of material deposited is, in general, very small compared to the granular 

counterparts [6]. Furthermore, the contact surface between the sample and the adsorbent is limited to 

the surface of the layer, reducing the probability of the molecules to be adsorbed during the sampling. 

On the other hand, due to the defects in designing, the temperature could not be increased to typical 

desorption temperatures of 200 – 300 °C that have been used in other studies [7] and, thus, it is 

probable that the molecules were not all released at the temperature employed during the test, 

resulting in very low preconcentration factors.  
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Figure 4-21. Chromatogram obtained for the injection of 100 ppb 

BTEX sample of 300 mL in MMP 

Finally, it was decided to completely change the design of the device and use other simpler and cost-

effective techniques. Microfabrication techniques can be very interesting, but they are expensive and 

time-consuming. Thus, no more versions were designed using these techniques because of the 

extremely long time between the order and the delivery of the prototypes that risked to exceed the 

estimated time for this doctoral research work. Additionally, the packaging and integration of MEMS 

devices was not evident; in fact, the extremely reduced size of these devices limits the choice of 

connectors and very few electrical and fluidic appropriate connections are commercially available. 

For all these reasons, another preconcentrator version was fabricated by combining alternative 

techniques such as micromilling and 3D printing. 

4.3 Mixed Aluminium/Polymer Preconcentrator (MAAP) 

Due to the drawbacks of the microfabrication process concerning its costs, delivery time and 

complexity of design and the problems issued from the integration of these microdevices within the 

whole system, it was decided to simplify the design as well as to reduce the fabrication cost by using 

techniques available in our laboratory. Consequently, most of the parts of this new prototype were 

fabricated at ICPEES by using micromilling and 3D printing. 

MAAP design was based on MAP, but the metallic parts were reduced to a single board containing 

the microfluidic cavity, decreasing significantly the mass to be heated to 3.31 g and, thus, the power 

required for a fast desorption. All other parts were made of insulating materials like PEEK or ABS 
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that are relatively temperature resistant polymers (melting temperature of 345 and 100 °C, 

respectively) limiting the heat losses from the metallic board (see chapter 2 for the detailed 

description). The results obtained with this prototype in terms of heating and preconcentration 

performances are detailed below. 

4.3.1 Temperature tests 

In this prototype, the heating system was composed of a ceramic with a resistance of 10 Ω. Initially, 

the device was tested using 12 V and 3 A of nominal power supply and it reached 200 °C in 140 s. This 

result was surprisingly slow considering that most parts of the prototype were thermal insulators (see 

Figure 2-22). Afterwards, the contact surface between the resistance and the housing was reduced by 

modifying the design of the PEEK board. Instead of a flat surface, the piece had two edges where the 

aluminium board was supported, hence, limiting the heat transfer to the polymer part. As it is 

displayed in Figure 4-22, the new configuration led to a considerable improvement in the heating 

performance and the device was able to reach 200 °C in 48 s at the same power supply as the previous 

test (U = 12 V and I = 3 A). Even if this result was far from ideal, it was an improvement compared to 

MAP and, therefore, it was expected to obtain higher resolution desorption peaks than with this initial 

version. 

On the other hand, the cooling process was also evaluated. Obviously, in this case, the use of 

insulating materials was disadvantageous since they prevent the heat evacuation from the metal 

board. This hypothesis was confirmed by the results obtained during the cooling tests. Device cooling 

was carried out by natural convection cooling and the temperature decrease is illustrated in Figure 4-

22. As expected, natural cooling was slow, taking almost 13 min to return from 200 °C to the room 

temperature. In this version, the fan was not integrated in the housing to facilitate the heat removal, 

but an external fan was employed to speed up the cooling process during the preconcentration tests. 
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Figure 4-22. Heating performance at a power supply of 12 V 

and 3 A (red) and natural cooling (blue) of MAP 

4.3.2 Preconcentration tests 

Once the heating system was validated, the device was filled with 5.2 mg of Carbopack® B. Since 

Carbopack® B is a reference material in VOC sampling and has been widely used in VOC 

preconcentration, the following PC versions were all filled with this adsorbent. 

To assess the preconcentration performance of MAP, a series of 100 ppb BTEX samples of different 

volumes were injected: 10, 20, 40 and 100 mL. The resulting peak areas for each compound were 

plotted versus the injected volumes. As can be observed in Figure 4-23, the signal provided when 

MAAP was used was significantly higher than the one obtained using the 200 µL sampling loop of 

the GC prototype confirming that the preconcentration was efficient. 

To quantify the preconcentration of the sample, peaks were integrated, and the resulting areas were 

plotted versus the injected volumes as shown in Figure 4-24a and Figure 4-24b. It is obvious from the 

correlation coefficients that there was a highly linear relationship between the peak area and the 

sampling volume in all the range of volumes, except for benzene. In fact, the peak area of benzene for 

the 100 mL sample was almost the same as the area obtained for the 40 mL sample. This phenomenon 

could be explained by the fact that the eVx PID detector employed in this study is designed to operate 

in a concentration range from 0 to 2 ppm, and out of that range, the response is not linear. Therefore, 

it is possible that this limit was exceeded when a 100 mL sample was injected and, thus, the detector 

response was not linear at this concentration level. 
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Figure 4-23. Chromatograms obtained by injecting different volumes of 
100 ppb BTEX mixtures in MAP (100 mL sample was not included for 

reasons of scale) 

Furthermore, the detector gives a different response for each analyte, being more intense in the case 

of benzene. That is why this fact could explain that the non-linearity was observed only for benzene 

peak area. As the benzene peak area for 100 mL sample was a complete outlier, this point was not 

considered in the linear fitting.  

  

Figure 4-24. (a) Benzene, ethylbenzene and o-xylene and (b) toluene and m/p-xylenes peak areas obtained after injecting 100 

ppb samples of different volumes. 

Unfortunately, after some adsorption-desorption cycles, the plastic parts of the design started to be 

damaged and leakage was observed. PEEK is a relatively good thermal insulator with a thermal 

conductivity of the order of 0.3 W/m/K. However, if this material is continuously exposed to heat, the 

heat is of course slowly transferred to and stored inside the material. Therefore, after some cycles, the 

heat finally reached ABS, which is not thermally resistant, causing the degradation of the polymer 
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and, thus, screw-loosening. Since ABS housing was deteriorated, the entire structure was not properly 

hold resulting in leakage from the microfluidic cavity. Some attempts were made to solve this problem 

by adding supplementary screws or increasing the thickness of the PEEK parts but when the device 

was operated under working conditions employed in the GC system (pressure = 4 bar, temperature = 

200 °C) for a long time, leakage was observed once again. Consequently, the injections could not be 

replicated. Because of these problems, another preconcentration version was designed.  

For this new version, the main objectives were to decrease even more the device size to achieve a faster 

temperature increase, and to simplify the whole structure by having less separated parts.  

4.4 Micro Aluminium Preconcentrator (µAP1) 

In order to drastically minimize the size of the preconcentrator by keeping an affordable cost, µAP1 

was conceived. The design of this preconcentrator was simple: a 1/8” copper tube was filled with 5.0 

mg of Carbopack B and two plugs of glass wool were placed on each side of the tube to hold the solid 

adsorbent (see Figure 2-23). An aluminium cube with a 1/8” hole, fitting perfectly with the outer 

diameter of the copper tube, was located at the same level of the adsorbent and the ceramic resistances 

were placed on two opposite sides of this cube (see chapter 2 for the detailed description). The main 

results obtained with this prototype are presented below. 

4.4.1 Temperature tests 

Firstly, the heating performance of this device was tested at the maximum operating conditions of 

resistive elements, i.e. a nominal voltage of 28 V and a current of 3 A. The temperature ramp obtained 

during this experiment is represented by the red line in Figure 4-25. In this device, 250 °C were reached 

in 62 s, a faster temperature ramp than the previous PC versions except the one fabricated by 

microfabrication techniques. This implies a considerable decrease on the desorption time and thus a 

shorter injection. Furthermore, cooling down to the room temperature was achieved by natural 

convection in 8 min, and this time was decreased to only 150 s when using an external fan. Therefore, 

this version met the requirement concerning the cooling time fixed to less than 5 min. This short 

cooling time enables to keep the time for an analysis cycle in the range 10-15 min and, thus, monitor 

the BTEX concentration in near real-time. 
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Figure 4-25. Temperature ramps obtained with µAP1: heating at nominal 

voltage of 20 V and current of 2.15 A (red), natural cooling (dark blue) and 

cooling with fan (light blue) 

Additionally, µAP1 exhibited an acceptable heating performance allowing to reach the target 

temperature in less than 1 min. Taking into account the manufacturing price, these results were 

considered very satisfactory in terms of heating-cooling duration, so that preconcentration tests were 

conducted. 

4.4.2 Preconcentration tests 

Once the leakage tests were performed successfully, a series of experiments were performed by 

injecting 100 ppb BTEX samples of different volumes (5 – 100 mL) in duplicate to assess the 

preconcentration ability of µAP1. The calculated mean peak area was plotted versus sample volume 

as shown in Figure 4-26. As can be seen, there is a linear relation between peak area and sample 

volume; however, the coefficients of determination, R2, are not very satisfactory (see Table 4-3), 

especially for ethylbenzene (R2 = 0.96) and xylenes (R2 = 0.93-0.96). Moreover, the calculated slopes for 

the curves do not follow the expected order (benzene > toluene~ m/p-xylenes > ethylbenzene > o-

xylene) since the m/p-xylenes one is the highest and the one of ethylbenzene the lowest. These results 

can be explained by the inaccurate integration of peaks. As evidenced from Figure 4-27, ethylbenzene 

and xylenes peaks are too coeluted to allow an accurate integration, leading to major errors in the 

peak area estimation. Even benzene and toluene peaks seem to be slightly coeluted, suggesting a too 

long desorption.  
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Figure 4-26. Mean peak areas obtained for different sample 

volumes. BTEX concentration = 100 ppb, flow rate = 5 

NmL/min, desorption temperature = 250 °C, injection time = 

75 s. Vertical error bars give the standard deviation of 

duplicates. 

 
Figure 4-27. Chromatogram of 20 mL sample using 

µAP1. BTEX concentration = 100 ppb, flow rate = 5 

NmL/min, desorption temperature = 250 °C, injection 

time = 75 s. 

Indeed, this peak broadening was produced by a slow heating ramp that prevented the desorption in 

a short pulse. In fact, despite the 250 °C measured in the aluminium cube, a great temperature 

difference could be expected between this latter and the adsorbent bed. Even if the copper tube fitted 

perfectly into the hole of the metallic cube and some thermal paste was added in between, the heat 

transfer between layers of different materials was supposed to be not optimal. To overcome this 

relatively poor thermal transfer, another more compact PC version, called µAP2, was then designed. 

Table 4-3. Equations from the volume calibration curves 

Compound Equation R2 

Benzene y = 5896.8x 0.99249 

Toluene y = 5162.9x 0.97770 

Ethylbenzene y = 1126.4x 0.96209 

m/p-Xylenes y = 7262.4x 0.96275 

o-Xylene y = 3877.2x 0.93909 

4.5 Micro Aluminium Preconcentrator (µAP2) 

µAP1 version met many requirements concerning fabrication costs and preconcentration ability; 

however, the design consisting of two independent parts resulted in a poor heat transfer. In this 

context, a single-piece PC version was designed integrating the cylindrical part into the cube (see 

Figure 2-24). In this way, the whole structure was made of aluminium and heat transfer between the 
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heating resistance and the adsorbent bed was greatly enhanced. The experimental results obtained 

with this PC version, called µAP2, are presented below. 

4.5.1 Temperature tests 

The heating performance was tested in the same operating conditions as the previous version (a 

nominal voltage of 28 V and a current of 3 A). A thermocouple was located at one side of the central 

part of µAP2, as shown in Figure 4-28. As can be observed, 330°C were reached in 68 s demonstrating 

a considerably improvement in heat transfer. Taking into account the results of the last version, 330°C 

were fixed as the desired desorption temperature to ensure a suitable temperature in the adsorbent 

bed and thus, a sharp desorption pulse. Once 330°C were reached, cooling down to the room 

temperature was performed in 10 min by using a fan (see Figure 4-28). During the experiments, an 

external fan was temporarily placed close to µAP2 to speed up the tests but, as evidenced from the 

figure, it was not very efficient. Indeed, the design of a housing integrating two fans is still in progress; 

therefore, for the moment, the tests had to be conducted in these conditions. Similarly to the previous 

version, a substantial reduction of cooling time is expected when the PC will be integrated in the 

housing allowing to reach room temperature in less than 5 min, the maximum cooling time established 

in the objectives. 

 
Figure 4-28. Temperature variation in a heating-cooling cycle in 

µAP2 with and external fan was temporarily placed close to the device. 

4.5.2 Preconcentration tests 

Once the heating system performance was validated, the preconcentration ability of this new device 

was evaluated using two different adsorbents: SBA-16 and Carbopack® B. It is important to note that, 
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for this version, all the experiments were conducted using a commercial analyser (µBTEX-1, In’Air 

Solutions) instead of the laboratory prototype. The use of the commercial analyser enabled an 

improved control over the injection time and oven temperature, thus increasing the repeatability of 

the results. The experimental conditions employed in all tests performed in this section are presented 

in Table 4-4. 

Table 4-4. Summary of the experimental conditions employed in a series of tests with µAP2. 

Parameter Setpoint Parameter Setpoint 

Temperature GC column (°C) 45 Sampling flow rate (NmL/min) 5 

Pressure GC column (bar) 4.2 Adsorption temperature (°C) R.T. 

Injection time (s) 75 Desorption temperature (°C) 330 °C 

R.T.: room temperature. 

4.5.2.1 SBA-16 

Since SBA-16 exhibited significant adsorption ability for BTEX (see Chapter 5), it was interesting to 

test its suitability for gas analysis applications. For that, µAP2 was filled with 5 mg of SBA-16 and 

conditioned at 220°C under a 20 NmL/min nitrogen flow overnight to eliminate the possible adsorbed 

molecules. Then, it was mounted in the GC system and a series of 20 mL samples of different 

concentrations ranging from 2 to 50 ppb were injected in triplicate. The peak areas obtained were 

plotted against the injected concentration and the resulting calibration curves are presented in Figure 

4-29. As can be seen, there is a linear relationship between the peak area and the concentration in all 

cases, as confirmed by the coefficients of determination R2 ≥ 0.97 (see Table 4-5). These coefficients are 

considerably better than those obtained for µAP1 but not as good as with the MAP version, especially 

for toluene. The calibration slopes decrease with the volatility of the compound, being considerably 

steeper for the most volatile compounds, i.e. benzene and toluene, compared to the less volatile ones 

(ethylbenzene and xylenes), as expected. Between injections, a blank was performed to verify the 

complete desorption of BTEX. These tests showed that less than 1 % of residuals were observed in 

those blanks, confirming a quantitative desorption of BTEX for 20 mL samples in the range 2 – 50 ppb. 

Anyway, a cleaning step was performed between each analysis to ensure that µAP2 was perfectly 

clean before the next sampling/analysis cycle. 
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Figure 4-29. Calibration curves of benzene (a), toluene (b), ethylbenzene (c), m/p-xylenes (d) and o-xylene (e) using µAP2 

filled with SBA-16. Sample volume = 20 mL, sampling flow rate = 5 NmL/min, desorption temperature = 330 °C, injection 

time = 75 s. Horizontal error bars are the errors on the generated concentrations whereas the vertical ones represent the 

standard deviation of triplicates. 

Detection and quantification limits were calculated from a signal-to-noise ratio of 3 and 10, 

respectively, from the lowest injected concentration, i.e. 2 ppb. As shown in Table 4-5, detection and 

quantification limits of the order of a few hundred ppt can be achieved for all compounds using a 

sample volume of only 20 mL. By increasing the sampling time, larger volumes can be sampled, thus 

reaching even lower detection and quantification limits.  

Table 4-5. Performances obtained for the GC prototype integrating µAP2 filled with SBA-16 

Compound Calibration Equation R2 LOD (ppb) LOQ (ppb) 

Benzene y = 37442.6 x 0.9818 0.016 0.054 

Toluene y = 18797.5 x 0.96994 0.027 0.091 

Ethylbenzene y = 9098.4 x 0.98541 0.076 0.252 

m/p Xylenes y = 10667.8 x 0.98678 0.099 0.329 

o-Xylene y = 6599.2 x 0.98159 0.120 0.400 

LOD: limit of detection; LOQ: limit of quantification. 

To verify the linearity of the detector response for larger volumes, 10 ppb BTEX samples of different 

volumes ranging from 20 to 80 mL were injected. Similarly to the previous tests, the mean of the 

obtained peak areas was plotted against the sample volume (see Figure 4-30). 
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Figure 4-30. Mean peak areas obtained for the different sample 

volume injected in µAP2 filled with SBA-16. BTEX 

concentration = 10 ppb, sampling flow rate = 5 NmL/min, 

desorption temperature = 330 °C, injection time = 75 s. Vertical 

error bars represent the standard deviation of duplicates. 

Table 4-6. Data from calibration (volume) obtained for the 

GC prototype integrating µAP2 filled with SBA-16 

Compound Equation R2 

Benzene y = 6449.98 x 0.9730 

Toluene y = 4187.04 x 0.9897 

Ethylbenzene y = 2103.96 x 0.9904 

m/p-Xylenes y = 4398.35 x 0.9851 

o-Xylene y = 1575.68 x 0.9943 
 

As observed in Figure 4-30, peak area increases linearly with the injected volume. Determination 

coefficients are satisfactory except for benzene (see Table 4-6) where R2 = 0.973. Indeed, a relatively 

high dispersion was observed in the peak areas obtained for this compound. Additionally, at the 

beginning of this series of tests a considerable decrease in the intensity of the peaks was observed 

compared to the concentration, especially for benzene. Indeed, in the previous series of tests, a 20 ppb 

sample of 20 mL yielded a peak area of ~500 000 a.u. whereas, in the last experiments, for a 10 ppb 

sample of 40 mL (sample with an equivalent amount of BTEX) a peak area of ~275 000 a.u. was 

observed. It is known from the literature that PID detectors have a non-negligible drift [8] but this 

huge intensity decrease cannot be only attributed to the detector. Therefore, it appears to be associated 

to a decrease in the adsorption-desorption ability of SBA-16 after some heating-cooling cycles. Since 

this material has not been previously used for gas analysis, there is no available data on regeneration 

after adsorption-desorption cycles. Hence, a priori, this material seems to be not highly suitable for 

gas analysis applications and further investigations should be conducted to elucidate the causes of 

such adsorption-desorption performance decrease. 

Therefore, to achieve a very satisfactory and lasting adsorption-desorption performance, µAP2 was 

filled with the reference material Carbopack® B, which is known to maintain its adsorption-

desorption performance after a large number of cycles [9]. 
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4.5.2.2 Carbopack® B 

µAP2 was then filled with 5 mg of Carbopack® B and conditioned at 220 °C under a 20 NmL/min 

nitrogen flow overnight. Afterwards, it was connected to the GC system to perform the 

preconcentration tests. 

GC calibration as a function of gaseous concentrations 

Calibration of the GC prototype integrating µAP2 was conducted by injecting a series of 20 mL 

samples of different concentrations ranging from 2 to 50 ppb in triplicate. A chromatogram of a 50 mL 

BTEX sample of 20 ppb is displayed in Figure 4-31. As observed, BTEX peaks are well-defined and 

much less peak broadening is observed compared with the previous PC version (µAP1). This 

improvement in peak shape is due to the faster temperature ramp that allows the desorption of 

analytes in less time, thus producing a narrower peak compared to the previous version. The mean 

peak areas of the analysed samples were plotted against the injected concentration and the resulting 

calibration curves as shown in Figure 4-32. The peak areas increase linearly with the injected 

concentration for all the compounds. Determination coefficients R2 ≥ 0.99 (see Table 4-7) show a 

considerably improvement of the linearity of the results compared to all previous PC versions. 

 

Figure 4-31. Chromatogram of BTEX obtained with µAP2-GC-PID. V sample = 

50 mL, CBTEX = 20 ppb, desorption temperature = 330 °C, injection time = 75 s. 
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Figure 4-32. Calibration curves of benzene (a), toluene (b), ethylbenzene (c), m/p-xylenes (d) and o-xylene (e) using µAP2 

filled with Carbopack® B. Sample volume = 20 mL, sampling flow rate = 5 NmL/min, desorption temperature = 330 °C, 

injection time = 75 s. Horizontal error bars are the errors on the generated concentrations whereas the vertical ones 

represent the standard deviation of triplicates. 

As expected, calibration slopes decrease with the volatility of the compound, being considerably 

steeper for the most volatile compounds, i.e. benzene and toluene. Between injections, a cleaning step 

consisting of rising the temperature from 250 to 350 °C five times was performed to ensure the 

complete desorption of BTEX before the next analysis (more details on the residuals analysis are given 

below). It should be noted that this was done manually but could be automated and driven by the 

software in the future, when this preconcentrator will be integrated into the industrial device. 

Detection and quantification limits of the GC system were calculated from a signal-to-noise ratio of 3 

and 10, respectively, from the lowest injected concentration, i.e. 2 ppb. Detection limits are in the 

hundreds of ppt order with only 20 mL of sample for all compounds whereas quantification limits 

exceeded the ppb in the case of ethylbenzene and xylenes (see Table 4-7). It is important to note that 

this extraordinary sensitivity meets the requirements of the indoor air quality French legislation that 

establishes a benzene threshold value of 0.6 ppb in public buildings. 
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Table 4-7. Performances obtained for the GC prototype integrating µAP2 filled with Carbopack® B 

Compound Calibration Equation R2 LOD (ppb) LOQ (ppb) 

Benzene y = 9618.8 x 0.9940 0.057 0.191 

Toluene y = 3761.5 x 0.9930 0.150 0.499 

Ethylbenzene y = 1828.7 x 0.9891 0.368 1.226 

m/p Xylenes y = 1776.2 x 0.9974 0.396 1.319 

o-Xylene y = 1403.7 x 0.9941 0.418 1.393 

GC calibration as a function of sample volume 

As in previous preconcentrator versions, GC linearity was evaluated when varying the injected 

sample volume from 5 to 50 mL for a fixed gaseous BTEX concentration of 20 ppb in duplicates. Mean 

peak areas obtained are plotted versus the sample volume as illustrated in Figure 4-33. Peak area 

increases perfectly linearly with the sample volume for all species, as highlighted by the calculated 

determination coefficients R2 ≥ 0.99 (see Table 4-8). 

 

Figure 4-33. Mean peak areas vs the sample volume injected in 

µAP2 filled with Carbopack® B. BTEX concentration = 20 ppb, 

sampling flow rate = 5 NmL/min, desorption temperature = 

330 °C, injection time = 75 s. Vertical error bars represent the 

standard deviation of duplicates 

Table 4-8. Equation and determination coefficients 

obtained in sample volume variation tests. 

Compound Equation R2 

Benzene y = 11009.7 x 0.9930 

Toluene y = 4743.3 x 0.9942 

Ethylbenzene y = 2616.3 x 0.9940 

m/p-Xylenes y = 5139.6 x 0.9896 

o-Xylene y = 2120.1 x 0.9978 
 

During the series of sample volume variation tests, the residual amount of BTEX inside the 

preconcentrator adsorbent was evaluated after each analysis by performing a blank right after 

desorption. Similar residuals percentage was observed after the injection of different sample volumes, 

indicating that the residuals were proportional to the injected BTEX amount. These average 



  

 

 

 

Chapter 4: Development of a preconcentrator for BTEX quantification 

 
196 

  

  

percentages were found to be 1.6, 2.6, 9.2, 7.1 and 6.8 % for benzene, toluene, ethylbenzene, m/p-

xylenes and o-xylene, respectively, being higher for the less volatile compounds since, logically, they 

need higher temperature to be fully desorbed. Again, this issue could be improved by increasing the 

desorption time with a precise control of the target desorption temperature. 

Repeatability and reproducibility  

As any analytical device, repeatability and reproducibility of the GC should be evaluated to ensure 

reliable results in the long run. To assess repeatability, seven 20 mL samples containing 20 ppb of 

BTEX were consecutively analysed in the same day using the same experimental conditions 

(desorption temperature = 330 °C, injection time = 75 s). Between two consecutive samples, a cleaning 

step was conducted. Peak areas and retention time obtained are presented in Figure 4-34a and Figure 

4-34b, respectively. Slight variability was observed in peak areas of different samples whereas the 

variation in the retention time of different samples was almost negligible. Relative standard deviation 

(% RSD) of peak area was calculated to be 4.9, 3.7, 4.3, 8.0 and 5.6 % for benzene, toluene, ethylbenzene, 

m/p – xylenes and o-xylene, respectively. These values below 10 % for all the compounds demonstrate 

that the analyses performed with the GC prototype integrating µAP2 were highly repeatable even in 

manual injection mode. The corresponding % RSD was also calculated for the obtained retention 

times, being equal to 0.1 % for all the analytes. Due to the inadequate isolation of the GC oven, 

retention times are often shifted in portable GC; however, this parameter appears to be very stable in 

our prototype GC. In this prototype version integrating µAP2, both sample injection and data 

acquisition were automatized; therefore, although the sampling time was manually controlled, these 

obtained results were very satisfactory and the measurements repeatability in terms of peak area and 

retention time was considerably improved compared to the previous PC version, i.e. MAP.  

Reproducibility was evaluated according to the following method: three 20 mL samples containing 20 

ppb of BTEX were consecutively analysed over three different days. Figure 4-35a and Figure 4-35b 

displayed the results obtained for the peak areas and the retention time of each sample, respectively. 

Peak areas obtained in three different days were comparable and % RSD was calculated to be 3.2, 10.1, 

21.8, 13.8, 13.9 % for benzene, toluene, ethylbenzene, m/p – xylenes and o-xylene, respectively. The 

variation obtained in this case was obviously higher than the one obtained for the analysis performed 

in a single day; however, all the % RSD, except the one of ethylbenzene, were less than 15 %. 
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Figure 4-34. Repeatability test results obtained for 7 consecutive BTEX samples analysed in the same day: (a) peak areas 

and (b) retention time. V = 20 mL, C = 20 ppb 

Higher % RSD were also observed for the retention time compared to the previous test, being 1.0, 0.7, 

0.5, 0.5 and 0.4 % for benzene, toluene, ethylbenzene, m/p – xylenes and o-xylene, respectively. Despite 

this small increase, the variation observed in the retention times was minimal and the values can be 

considered as highly reproducible over time.  

The results obtained in the repeatability and reproducibility tests highlight the stability of the 

measurements conducted with this prototype over time, even with relatively low BTEX 

concentrations of 20 ppb. 

 

Figure 4-35. Reproducibility test results obtained for 3 BTEX samples analysed over three different days: (a) peak areas and 

(b) retention time. V = 20 mL, C= 20 ppb, desorption temperature = 330 °C, injection time = 75 s. Vertical error bars 

represent the standard deviation of the triplicates. 
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4.6 Comparison with existing instruments 

In the last years, great efforts have been made to develop real-time sensitive miniaturized gas 

chromatographs for a broad spectrum of applications. Most of them include a preconcentration device 

enabling to achieve very low detection limits. These devices differ in their features (dimensions, 

manufacturing materials, used adsorbents, power consumption, etc.) and their analytical 

performances. However, a simple and direct comparison between them in terms of preconcentration 

performance is not possible since these results depends on other elements such as the type of detector. 

Therefore, a comparison between the miniaturized GC existing in the literature with a special focus 

on preconcentrator features is presented in this section. 

Table 4-9 summarizes the most significant miniaturized GC with integrated PC developed for VOC 

quantification in the last decade. All devices presented are highly portable (weight < 5 kg) and have 

relatively small dimensions, which makes them suitable for on-site measurements. PID is the most 

commonly employed detector for VOC quantification in µGC. Indeed, this detector is easy to integrate 

in the GC system and is more selective and sensitive than most of metal oxide and chemical sensors. 

However, these sensors are generally less expensive than PID and enable to detect a larger screening 

of organic compounds. 

These miniaturized GC were conceived for a wide variety of applications requiring very sensitive 

instruments such as environmental monitoring [10], [11], early cancer diagnosis [12], [13] or food 

quality control [14]. Therefore, all GC systems include a preconcentrator that improves the detector 

sensitivity to tens or hundreds of ppb in the case of sensors and, to ppb or hundreds of ppt in the case 

of PID detectors. These preconcentrators are very different from one another. After the fabrication of 

the first microsystem including a micromachined PC in 1999 [15], great efforts were addressed to 

develop MEMS-based preconcentrators devices. MEMS technology offered indeed the possibility to 

create miniaturized devices exhibiting great performance with very low power consumption. 

Therefore, in the last decades, most of these preconcentrators were made from silicon and glass [11], 

[16], [17], materials typically used in electronics. However, there are several drawbacks associated 

with the use of MEMS-based devices. For example, the materials usually employed are fragile and 

expensive and there are almost not commercially available fluidic and/or electrical connections, 

leading frequently to leakage problems. In addition, the fabrication process needs suitable facilities 

(cleanroom) and high level of expertise that results very often in an expensive and time-consuming 

process. Lately, new fabrication technologies have been developed and those already existing have 

been improved to reduce the fabrication costs. Laser etching technology, milling or metal 3D printing 

techniques provide the possibility to use more robust materials such as copper [18], stainless steel [19] 
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or aluminium (this work). Furthermore, standard fluidic connections can be usually integrated since 

these materials can be micromachined with traditional techniques and their dimensions are generally 

larger than the MEMS-based counterparts, ensuring better gas tightness. However, these dimensions 

involve higher thermal mass, leading to high power requirements and slow temperature ramps 

compared to MEMS-based PC. As illustrated in Table 4-9, power consumption in MEMS PC varies 

between 1 and 16 W whereas in metal PC it ranges from 10 to 70 W, except MAP (210 W) that was the 

first PC developed by our team. Despite the considerable difference of energy consumption required, 

the consumption of metal PC is still compatible with their integration in battery-powered devices. 

Nevertheless, the autonomy will be significantly reduced. In this regard, MEMS-based PC are 

preferred in applications where great autonomy is required. Due to the greater thermal mass, heating 

rates in metal PC (0.25 – 5.5 °C/s) are very low compared to MEMS-based PC (25 – 314 °C/s), while a 

fast temperature ramp is preferred to generate sharp chromatographic peaks. However, in this study, 

it was demonstrated that well-defined peaks could be achieved with a heating rate of 5.5 °C/s.  

Considering the LOD achieved with these miniaturized GC, it appears that this feature depends more 

on the type of detector itself than on the preconcentration unit employed, since the instruments having 

PID detectors are much more sensitive. 

Until the present work, only three instruments had LOD in the ppt range. Zampolli et al. [11] proposed 

a miniaturized GC-PID with a PC filled of an innovative quinoxaline-based adsorbent. LOD down to 

0.1 ppb for benzene was reached; however, 55 min of sampling were needed to collect the 2750 mL 

required to achieve such a sensitivity. This very long sampling time prevents to establish 

concentration time profiles that can help to determine occupational exposure or identify pollutant 

sources [8]. Shorter sampling time of 20 min was employed by Skog et al. [20] to collect a sample of 4 

L and achieve LOD from 2 to 11 ppt for BTEX. Sun et al. [21] reported LOD below 1 ppb with a 

sampling time of only 1 min but the sample volume employed was not mentioned. Since LOD strongly 

depends on the sample volume, the sensitivity of each system was calculated for the lowest detectable 

mass of analyte for better comparison. Indeed, it is not necessarily relevant to reason in terms of 

sensitivity because, as we have shown, the areas of the chromatographic peaks increase linearly when 

the volume of the sample increases, indicating that this volume can be easily modulated. A relatively 

small sample volume will provide better temporal resolution while a large volume will provide a 

lower LOD. To calculate sensitivity, the lowest LOD achieved for each method was multiplied by the 
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sample volume. For example, in our case, benzene LOD (0.18 µg m-3 at P = 1 atm and T = 25 °C) was 

multiplied by the sample volume (2⨯10-5 m3), giving a sensitivity of 3.6 pg. 

To our knowledge, the analytical system developed in this work showed the highest sensitivity 

reported to date for BTEX analysis exhibited by a portable GC. This instrument achieved LOD 

from 0.06 to 0.4 ppb (0.18 – 1.82 µg m-3 at P = 1 atm and T = 25 °C) using a sample volume of only 20 

mL (2⨯10-5 m3). It means that the lowest detectable amount with this compact GC was 3.6, 11.3, 32.0, 

34.4 and 36.3 pg for benzene, toluene, ethylbenzene, m/p-xylenes and o-xylene, respectively. 

The portable GC developed by Zampolli et al. [11] had a low benzene LOD of 0.1 ppb (0.32 µg m-3 

at P = 1 atm and T = 25 °C) but it required a large sample volume of 2750 mL (2.75⨯10-3 m3) resulting 

in a sensitivity 878.5 pg for this compound. A lower detection limit was found with the compact 

GC developed by Skog et al. [20] where a benzene LOD of 0.01 ppb (0.03 µg m-3 at P = 1 atm and T 

= 25 °C) was achieved with a 4 L (4⨯10-3 m3) sample giving a sensitivity of 140.6 pg. Therefore, the 

sensitivity obtained with the portable GC developed in this work differed by 2 - 3 orders of 

magnitude from most of the values reported in the literature, even those reporting very low 

detection limits. For the analysis of BTEX, only the first preconcentrator version (MAP) developed 

in this work yielded similar results [8]. Despite of the outstanding benzene sensitivity of 6.4 pg 

achieved with MAP, this new version has improved this feature by a ratio of 1.8. Han et al. [22] 

reported a sensitivity comparable for the analysis of isoprene. However, this sensitivity does not 

correspond to a portable GC since the developed preconcentrator in this case was connected to a 

benchtop GC-FID. These results suggest that the performance achieved by our prototype in terms 

of sensitivity is close to those typically exhibited by benchtop instruments. 

Another crucial aspect of analytical performance is the stability of the measurements. Among the 

studies presented in Table 4-9, repeatability was only evaluated for 10 instruments [12], [14], [16]–[18], 

[20], [21], [23], [24]. Despite the importance of repeatability, in some cases this parameter was 

characterized only graphically by showing the peak shape of triplicates [14], [18], which is not useful 

for comparison purposes. In other studies, repeatability was characterized in terms of % RSD, but the 

different experimental conditions employed, such as sample concentration and number of replicates, 

make difficult an objective comparison. Sun et al. [21] evaluate the repeatability by consecutively 

analysing 8 benzene samples at a concentration of 1 ppm. They found a very low % RSD of 0.42 % for 

the peak area. However, this high repeatability may decrease when stability is evaluated in more 

realistic conditions such as low ppb concentrations. Garg et al. [16] evaluated the repeatability of the 
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Table 4-9. Summary of miniaturized GC with integrated PC developed in the last years. 

Ref. Size (cm3) 
Weight 

(kg) 

Analysis 
time 
(min) 

Sample 
Volume 

(mL) 

Preconcentrator 
Target 

compounds 
Det. 

LOD 
(ppb) 

Sensitivity 
(pg) 

l (mm) × d (µm)  
× w (mm) 

Material Adsorbent 
Heating 
system 

Power cons. 
(W) / heating 

rate (°C/s) 

This work 32 × 29 × 14 ∼ 5 19 20 
Cavity 

4.6 × 350 × 7.4 
Al 

C-B  
5 mg 

Ceramic 
heaters 

~70 / 4.8  BTEX PID 
0.06-0.4 
(BTEX) 

3.6 b 

PEMM-2 [17] 20 × 15 × 9 ∼2.1  3 5 2 Cavities (V∼4.7 µL) Si-glass 
C-B 2.0 mg 
C-X 2.3 mg 

Ti/Pt 1 / - 9 VOC 
µCR 
array 

16−600 
(150 b) 

2396 b 

SS PC* [19] - - - 10 

Tube with micro-
pillars 

38.68 (l) × 7.69 mm 
(o.d.) 

S.S. 
HayeSep D 

119.9 mg 
NiCr wire 14.6 / 1.8  Toluene MS - - 

MAP 
[23] 

32 × 29 × 14 ∼ 5 19 20 
Manifold-shaped 

cavity 
4.6 × 350 × 7.4 

Al 
Basolite 

C300 
5.8 mg 

Cartridge 210 / 2.5  BTEX PID 
0.1-1.6 
(BTEX) 

6.4 b 

GC-PID [20] 31 × 30 × 20 32 ∼35 4000 
Tube 

0.165 cm i.d. 
- 

ResSil-B 
75 mg 

- - 34 VOC PID 
0.002 - 
0.011 

(BTEX) 
140.6 b 

MGP* [22] - - ∼6 18 
Manifold-shaped with 

4 µchannels 
12.6 x 2.5 mm x 16 

Copper C-X 20 mg 
Ceramic 
heater 

10.14 / 5.5 Isoprene FID 0.016 0.8 

Ceramic 
PC [14] 

- - ∼50 200 
Manifold shaped 

cavity 
61 × 5.5 mm × 23 mm  

Ceramic  
C-SII 

1.187 g  
Tungsten 18 / 0.25 Ethylene EC 25 5736 

GC-MOS [12] n. d. n. d. 9 250 
Cavity with micro-

pillars 
10 × 400 × 5 

Si-glass 
Zeolite DaY 

~13 µm 
-  -  4 VOC MOS 24 t 22611 t 

GC-PID [25] n. d. n. d. 6 - 
4 Parallel channels 
n.d × 400 × 0.6 µm 

Si-glass 
SWNTs 
0.15 mg 

Cr/Pt -    5 VOC PID < 1 b  - 

Frog 4000 
[24] 

25 × 19 × 37 < 2.2 5.5 - n. d. Si-glass 
Silica gel 
aerogel 

- - - PID ~ ppb - 
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GC-PID [26] n. d. n. d. 63 600 
Parallel channels 
25 × 1.3 mm × 12 

Si-glass 
EtQxBox 

10 mg 
Pt 

- / 50  
 

Benzene PID 1.25 b  2396 b 

GC-PID [27] 60 × 50 × 10 < 5 16.2 50 
Tappered cavity 
8.15 × 250 × 2.9 

Si-glass 
C-B 

1.135 mg 
Pt - / 314  50 VOC µPID n. d. - 

GC-CMOS 
[13] 

16 × 11 × 11 n. d. n. d. - 
Cavity with micro-

pillars 
10 × 250 × 2 

Si-glass 
Carbon 

film 
Ni-Cr wire - 7 VOC CMOS 

15 (1,3,5-
TMB) 

- 

iGC3.2 
[28] 

8 × 10 n. d. 130 24 
U shape 

n.d. × 300 × 1350 
Glass C-B + C-X Ti/Pt 10.5 / 46  19 VOC 2 CD 

10 – 2 
(BTEX) 

766.7 b 

Zebra GC [16] 15 × 30 × 10 ∼1.8 < 12 10 
Cavity with micro-
pillars 13 × 240 × 13 

Si-glass 
Tenax TA 
∼200 nm 

Cr/Ni 16 / 25 6 VOC TCD 
∼25 

(TEX) 
942.1 b	

GC-MOX 
[11] 

n. d. n. d. ∼67 2750 
Ten parallel channels 

800 *m depth 
Si-glass QxCav Pt - / 50  Benzene MOS 0.1 878.5 b 

b: benzene; t: toluene; CR: chemiresistor; S.S.: stainless steel; O.D.: outer diameter; MOS: Metal Oxide Semiconductor; CD: Capacitive Detector. CMOS: Complementary Metal Oxide Sensor. MOX: 

Metal Oxide sensor. QxCav: Quinoxaline bridged Cavitand; EC: electrochemical sensor; *this PC is not integrated in a miniaturized GC. 
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Zebra GC using 10 mL samples of a 5 VOC mixture at 100 ppb (1 – 3.2 ng). The peak areas and retention 

times showed average % RSD for all analytes less than 1.3 and 4.7 %, respectively, demonstrating the 

high stability of this compact GC-TCD. Skog et al. [20] found % RSD between 9 and 30 % for peak 

areas of BTEX. These high % RSD can be explained by the very low concentrations employed in these 

experiments, in the order of pg. Wang et al. [17] reported also an outstanding stability for the belt-

mounted GC for samples up to 9 µg of a 9 VOC mixture. Peak area and retention time stability were 

assessed in short-term (i.e., 30 min), intraday (i.e., 8 h) for samples collected from the same test 

atmosphere. % RSD values lower than 2.5 and 5.0 % were found, respectively. Additionally, 

reproducibility was also evaluated in samples analysed in five different days and % RSD of 7.7 % was 

reported. It is worthy to mention that no more results of reproducibility tests were found in the 

literature. In this context, our system seems to have a comparable repeatability in terms of peak area 

(< 10 %) and very satisfactory in terms of retention time (< 0.1 %) compared to those reported in the 

literature. 

In conclusion, this compact GC exhibited an excellent sensitivity as well as very satisfactory stability 

of the measurements. In addition, an analysis cycle is performed in a reasonable time of 19 min, 

enabling to establish accurate concentration time profiles. In the future, this time can be reduced once 

it will be fully automatized, the next sampling being collected during the analysis step of the current 

analysis cycle.  

4.7 Conclusions 

In this chapter, the performance of every PC prototype version (see Figure 4-36) developed during 

this research work has been presented and discussed. The first prototype, named MAP, was functional 

but with a major drawback concerning energy consumption, that prevents its use in a commercial 

portable analyser. In this regard, several improvements have been proposed by changing the materials 

employed in the fabrication, the adsorbent and the type of heating system. 

 

Figure 4-36. Preconcentrator prototypes developed in this work and their thermal mass including connectors (red) and 

without connectors (blue) 
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However, as shown in Table 4-10 most of these devices were not fully functional and suitable for 

industrialization, except the last one, called µAP2. This device was tested under controlled conditions, 

demonstrating that it meets the requirements established in the objectives of this project in terms of:  

- Sensitivity: the benzene LOQ achieved (0.191 ppb) with an air sample of only 20 mL is lower 

than the threshold value established in the recent French legislation concerning indoor air 

quality (0.6 ppb). This sensitivity could be easily improved by increasing the sample volume 

considered, the benzene LOQ becoming 0.076 ppb with 50 mL of sample, requiring 10 min at 

5 NmL/min. 

- Energy consumption: the additional power consumption of ~70 W needed on a very short 

duration estimated to 70 s (time needed to reach the desorption temperature) associated to the 

preconcentration step is compatible with a portable analytical system. 

- Analysis time: the addition of a preconcentration step has not substantially increased the total 

analysis time, enabling BTEX monitoring in near real-time. In addition, in the case of 

consecutive analyses, the sampling of the next sample can start and fully occur during the 

separation and analysis in progress. 

 

Table 4-10. Summary of performances of each preconcentrator prototype developed in this work. 

Additionally, contrary to other portable GC found in the literature, the prototype developed in this 

work was evaluated in terms of repeatability and reproducibility. The relatively low % RSD (< 10 % 

and < 15 %, respectively) obtained in these two tests indicates that measurements conducted are stable 

over time. 

The stability of the measurements altogether with the remarkable sensitivity and an acceptable 

analysis time make this GC prototype a good candidate for air quality monitoring applications. 

Nevertheless, this instrument should be tested in real conditions to evaluate the possible influence of 

interfering compounds and other issues derived from the use in real environments. Other adsorbents 
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could be used and tested in the near future in order to try to decrease the desorption temperature 

needed and consequently the energy consumption. 

Furthermore, this preconcentration device can be standalone for possible coupling with other GC 

systems and be used for other applications requiring high sensitivity, such as warfare agents and 

explosives detection, early cancer diagnosis or quality food control. Since its proper functioning has 

been demonstrated, its use for those applications can be achieved by changing the adsorbent and/or 

replacing the PID detector by others more suitable to the target compounds, i.e. TCD, MOS. 
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Chapter 5. VOC adsorption on different materials 

In this chapter, the adsorption of diverse VOC at low concentrations on adsorbents of different 

nature was investigated to evaluate their suitability for VOC analysis and removal. These adsorbents 

were characterized in terms of specific surface area, pore size and volume, thermal stability, and 

affinity to water. Afterwards, single component dynamic adsorption experiments were performed to 

determine the adsorption capacity of each material toward various organic species. Besides, since in 

indoor air a broad spectrum of gaseous pollutants usually coexists, multicomponent dynamic 

adsorption experiments were performed to determine adsorption capacity in a more realistic 

environment. The results obtained are discussed considering the textural properties and surface 

chemistry of each adsorbent and compared with similar studies available in the literature. 

5.1 BTEX adsorption on commercial adsorbents 

5.1.1 Introduction  

As presented in Chapter 1, a wide spectrum of gaseous pollutants can be encountered in the air we 

breathe. Among them, BTEX are frequently found in indoor [1]–[3] and outdoor [4], [5] air. These 

compounds represent a major threat to public health since they are associated to the development of 

serious diseases such as allergy, asthma or cancer [6], [7]. Besides, in the atmosphere, photochemical 

reactions of BTEX can generate secondary pollutants, such as ozone [8] and secondary aerosols [9] 

leading to a further degradation of the air quality. Therefore, air pollution control is necessary to limit 

human exposure and prevent the environment degradation. Adsorption is a very simple technique 

for VOC removal, enabling an effective VOC recovery from diluted streams (< 100 ppm) at a low-

moderate cost [10]. The efficiency of this technique and air quality monitoring in general is usually 

performed by means of gas chromatographs. However, the LOD of these instruments is very often 

not low enough to detect ppb levels, and preconcentration units are frequently coupled to increase 

the sensitivity. Adsorbents employed for VOC removal or preconcentration prior to analysis should 

have some common features such as long breakthrough time, large adsorption capacity, thermal 

stability and selectivity to the targeted pollutants. Therefore, the adsorption study performed in this 

work can be useful to evaluate the investigated materials for both applications. 

In this study, three commercially available materials, namely Carbopack® B, SBA-16 and HKUST-1 

were characterized with regard to their textural properties, and their adsorption capacity was assessed 
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by means of dynamic adsorption experiments at low concentrations. In these experiments, single 

component adsorption was investigated using toluene as probe molecule and the obtained results 

were compared to those obtained in multicomponent adsorption experiments. This comparison shed 

light on the competitive adsorption phenomena that occur in real environments where a mixture of 

pollutants is present. Since for both applications adsorbents should be regenerated, in the last part of 

the study, temperature programmed desorption measurements were performed to get insights into 

the desorption activation energy. 

 
5.1.2 Article 3 published in Journal of Environmental Chemical Engineering 
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Figure S1. Schematic representation of a stainless-steel thermal desorption tube employed in 

breakthrough tests. Dimensions: 89 mm (length) ⨯ 6.4 mm (outside diameter) ⨯ 5 mm (internal 

diameter) 

 

 

Figure S2. Schematic drawing of experimental set-up for dynamic adsorption experiments 
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Figure S3. Pore size distribution of SBA-16 

 

Figure S4. Pore size distribution of HKUST-1 

 

Table S1. BTEX physicochemical properties  

Compound 
Molar mass 

(g/mol) 

Boiling 

point (°C) 

Vapor pressure 

at 20°C (kPa) 

Dipole 

moment (D)* 

Polarizability 

(Å3) 

Kinetic 

diameter (nm) 

Benzene 78.11 80.1 10 0 10.44 0.585 

Toluene 92.14 110.6 2.9 0.37 12.40 0.585 

Ethylbenzene 106.17 136 1.00 0.59 14.24 0.6 

o-Xylene 106.16 144.4 0.93 0.640 14.25 0.68 

m-Xylene 106.16 139 1.20 0.35 14.33 0.68 

p-Xylene 106.16 138.4 1.20 0 14.35 0.585 
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Figure S5. ATG analysis of Carbopack® B (a), SBA-16 (b) and 

HKUST-1 (c) after 2 hours of exposure to ambient air. Weight 

loss (blue line), heat flow (red dashed line). 
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Figure S6. Linear relationship between toluene adsorption capacity and mesopore size. Data from refs: 

(Qin et al., 2013; Zhang et al., 2012) and the average pore diameter of SBA-16 (this work) 
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5.1.3 Conclusions 

Three commercially available materials namely Carbopack® B, SBA-16 and HKUST-1 have been 

investigated to evaluate their performance for gaseous BTEX adsorption at low concentrations (10 - 

100 ppm). These materials were selected for their diverse specific surface area, porosity and surface 

chemistry, which presumably lead to different adsorbate-adsorbent interactions. Single and 

multicomponent dynamic adsorption experiments were conducted to determine the adsorption 

capacity of those materials. In these experiments, SBA-16 exhibited the higher adsorption capacity in 

both single and multicomponent tests, followed by Carbopack® B and HKUST-1. Results obtained 

from the breakthrough curves suggested that adsorption capacities of each compound were strongly 

related to adsorbate-adsorbent interactions as well as to the presence of micropores. The strength of 

these interactions seems to be also associated to the intensity of the roll-up effect observed in 

multicomponent adsorption experiments. In these tests, roll-up phenomenon may result in the total 

desorption of the most volatile compound, i.e. benzene on Carbopack® B. Therefore, it is of significant 

interest to characterize this effect, which could happen when using these adsorbents for analysis 

and/or removal of gaseous pollutant mixtures.  

Finally, toluene was selected as a representative molecule of BTEX and temperature programmed 

desorption (TPD) analyses were conducted to evaluate the activation energy of desorption. The results 

revealed that toluene is more strongly adsorbed in the microporous material, i.e. HKUST-1, whereas 

the strength adsorbate-adsorbent interactions appear to be comparable for Carbopack® B and SBA-

16.  

Among the investigated adsorbents, SBA-16 exhibited the highest adsorption capacity, a minimum 

roll-up and a reasonable activation energy for desorption; therefore, it appears to be the most suitable 

for gaseous BTEX analysis and removal. 

5.2 BTEX adsorption on zeolites 

5.2.1 Introduction  

After the assessment of BTEX adsorption performance of three different types of adsorbents, it was 

decided to investigate their sorption on zeolites differing in their chemical composition to properly 

evaluate the influence of surface chemistry on BTEX adsorption. For this study, a material having an 

easily tailorable surface chemistry was selected: ZSM-5 zeolite. The chemical composition in zeolites 
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can be modified by varying the amount of aluminium employed during synthesis. Furthermore, 

zeolites have high specific surface area, are thermally stable up to very high temperatures and present 

well-defined microporous structures with a pore size of ~ 0.55 nm. A pore size similar to the kinetic 

diameter of BTEX molecules may result in the steric exclusion of larger molecules, leading to 

preferential adsorption of BTEX. This selectivity can be very advantageous for BTEX analysis 

applications since the preconcentration step, apart from increasing sensitivity, may serve to eliminate 

interfering compounds. 

In this work, several ZSM-5 zeolites with Si/Al ratios ranging from 79 to 310 were synthesized via 

fluoride route and characterized in terms of textural properties and acidity. As in the previous section, 

dynamic adsorption experiments of a mixture of BTEX were performed to evaluate the adsorption 

performance of the different zeolites. Afterwards, toluene was selected as a probe molecule and 

thermogravimetric adsorption experiments were conducted to estimate the diffusion on each zeolite. 

Finally, the influence of zeolite properties on the adsorption capacity is discussed and the most 

suitable characteristics for selective adsorption of BTEX are presented. 

5.2.2 Article 4 published in Journal of Environmental Chemical Engineering 
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Figure S2. XRD patterns of prepared ZSM-5 zeolites.  
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Table S1. Obtained breakthrough times over prepared samples. 

Sample 
Breakthrough time (min) 

Benzene Toluene Ethylbenzene p-Xylene m/o-Xylene 
ZSM-5_1 73 384 695 614 0 
ZSM-5_2 305 660 1097 559 0 
ZSM-5_3 128 472 739 942 0 
ZSM-5_4 90 243 416 1102 0 
ZSM-5_5 331 648 890 852 0 

 

 

 

 

Figure S3. 27Al MAS NMR and contact angle measurements over ZSM-5_2 and ZSM-5_5 

samples 
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Figure S4. Mass variation during toluene adsorption/desorption experiments.   
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5.2.3 Conclusions 

Several ZSM-5 zeolites with Si/Al ratio (SAR) ranging from 79 to 316 have been successfully 

synthesized and characterized. The results obtained in dynamic adsorption experiments shed light on 

the critical factors driving BTEX adsorption on zeolites. These results suggest that aluminium content, 

hydrophobicity and pore size are the driving parameters in BTEX adsorption. The adsorption capacity 

was strongly related to the number of acid sites available for adsorption: it is higher as the amount of 

acid sites increases. Besides, when the number of acid sites is limited, the most volatile compounds 

such as benzene are desorbed in favour of more strongly adsorbing species. However, when 

considering breakthrough times, it was demonstrated that not only SAR but also hydrophobicity of 

the adsorbent plays a major role. The optimum breakthrough time was indeed achieved as a 

compromise between the number of acid sites required for adsorption and the hydrophobicity of the 

adsorbent. In this regard, the fluoride-mediated synthesis of ZSM-5 zeolite employed in this work 

seems to be an advantageous strategy compared to the traditional alkaline route. This synthesis allows 

to obtain highly hydrophobic materials even with low SAR, resulting in high adsorption capacities 

due to BTEX interaction with acid sites. Additionally, ZSM-5 zeolites selectively adsorb p-xylene over 

m- and o-xylenes, due to steric hindrance. This exclusion may be tailored in the future to synthesize a 

zeolite for selective adsorption of benzene, thus avoiding the need of long separation chromatographic 

step and rendering possible a real-time analysis. In this sense, ZSM-5 zeolites seem to be promising 

candidates as selective adsorbents for BTEX gas analysis applications. 

5.3 Aldehydes adsorption on different materials 

In this chapter, hexanal and formaldehyde adsorption on materials of diverse nature is presented. As 

previously mentioned in Section 1.1.2, these two compounds are among the most frequently found 

aldehydes in indoor air [2], [11], [12] and they have adverse effects on human health. These potential 

effects can vary from simple eyes and nose irritation when exposed to hexanal, to more serious 

pathologies such as cancer in the case of formaldehyde. Therefore, it is of great interest to monitor the 

levels of these aldehydes in indoor air and, in the case of significant levels measured, to remove them. 

Adsorption is one of the methods typically used for gaseous pollutant removal; however, few studies 

[13] reported the adsorption behaviour of these compounds at low concentrations relevant in confined 

environments. To provide more information about the aldehydes adsorption in these conditions, a set 
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of dynamic adsorption experiments of formaldehyde and hexanal on different types of adsorbents 

were carried out. 

In this section, the results obtained in these experiments are presented and the influence of different 

factors such as specific surface area, pore size and surface chemistry on adsorption capacity of several 

materials is discussed. The better understanding of the adsorption behaviour of aldehydes at low 

concentrations and the features playing a major role in this process can contribute to the development 

of specific materials for indoor air purification applications. 

5.3.1 Hexanal adsorption 

At the beginning, the idea was to test the adsorption at concentrations of the same order as those 

found in indoor air (0-106 µg/m3 [14]) but some problems were encountered to get such low 

concentrations. Ideally, a gas cylinder containing diluted hexanal would be the best option to generate 

low concentrations, but hexanal mixture is only available on special order, resulting in expensive price 

and long lead times of manufacture and delivery, this later point being not compatible with this thesis 

schedule. Therefore, a method to generate gaseous hexanal from the pure liquid hexanal was 

employed instead. This method was based on the permeation of a nitrogen gas flow into the liquid 

hexanal by using a gas bubbler. There is an equilibrium between the gas and the liquid phase of 

hexanal, therefore, when the nitrogen flow passes through the liquid phase, it displaces the same 

volume of the gas phase contained in the bubbler, generating a gaseous flow of diluted hexanal. 

Obviously, the equilibrium of the liquid and gas phases depends on the temperature: the colder the 

solution, the lower the concentration of gaseous hexanal. Since the objective was to generate a 

concentration in the range of ppb, the bubbler should be kept at temperatures lower than -80°C, which 

is not an easy task. There are some cooling bath mixtures such as dry ice-acetone or liquid nitrogen–

acetone enabling to achieve temperatures of -77 and -94.6°C, respectively [15]. Nevertheless, the main 

problem consists in keeping this temperature constant to generate a constant and stable hexanal 

concentration. Indeed, despite the use of dewars and other materials to isolate the gas bubbler, 

temperature variations of few degrees can easily occur, resulting in a high uncertainty in the generated 

concentration. For simplicity and to allow a better control of the concentration, an ice bath was selected 

as the cooling method for the gas bubbler. During the experiments, the bubbler was completely buried 

in ice that was continuously added to maintain a constant temperature of 0 °C. The principal 

drawback of using this method was that the temperature was equal to 0 °C and, thus, the generated 
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concentration was calculated to be 3,298.3 ppm, which was far from the desired ppb range, and 

consequently, a dilution would be necessary. The first attempt to carry out the hexanal dynamic 

adsorption experiment was conducted in the setup shown in Figure 5-1. The system was composed of 

a flow controller to provide the inert gas flow (argon). After that, the line was split in two lines, the 

first one conducting to the glass reactor containing the adsorbent bed and the other one to the bypass. 

Both lines arrived at a T junction from where it was possible to take a sample of the gas effluent 

(sampling point) by using a round flask. The content of this flask was manually injected in a GC/FID 

and analysed. An additional line could be added to this setup to make a dilution but, unfortunately, 

the first set of measurements conducted were not satisfactory: strong fluctuations on the measured 

concentrations were observed, mainly due to the errors accumulated in the different steps of the 

analysis. Actually, in this setup, sampling and sample injection into the GC were performed manually, 

resulting in large variations between the analysis from one sample to another. To limit the errors 

during the measurements, an alternative setup able to perform automatically most of the steps was 

mounted (see Figure 2-7). As in the previous setup, this system was composed of a mass flow 

controller, a gas bubbler and a split separating the line into a bypass and the tube containing the 

adsorbent bed. Then, two lines were connected to a T junction linked to the online sampler of an 

automated thermal desorption (ATD) coupled with gas chromatography (GC) and flame ionization 

detector (FID). This instrument automatically pumped a sample at a flow of 5 mL/min for 1 min from 

the gas effluent. The sample was directly injected in the cold trap of the instrument and desorbed at 

300 °C in a very reproducible way. Therefore, the errors made in the analysis using this technique 

were considerably lower than with the previous setup and the study of hexanal adsorption could be 

carried out. However, due to restricted space to mount this setup, an additional line for dilution could 

not be included and the experiments were conducted at a concentration of 3,298.3 ppm.  

Once the setup was mounted, the first step was to measure the dead volume of the system. Dead 

volume corresponds to the volume between the point of injection and the point of detection. In fact, 

in this work, dead time instead of dead volume was measured; it corresponds to the duration between 

the time of sample injection and the time of sample detection [16]. Dead time can be measured by 

replacing the tube containing the adsorbent bed by an empty tube. Hence, in this setup, the bypass 

line was employed to measure the dead time. Then, a sample was injected in the same conditions of 

temperature and flow rate that the ones employed during the experiments, and the duration between 
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the time of injection and the time at which the compound reached the detector was measured. This 

dead time could be estimated to be 52 min and it was subtracted from the breakthrough curves. 

 

Figure 5-1. Schematic diagram of the first setup employed for hexanal dynamic adsorption experiments 

5.3.1.1 Dynamic adsorption experiments 

Hexanal dynamic adsorption experiments were conducted by using four different adsorbents, i.e. 

Carbopack® B, SBA-16, HKUST-1 and ZSM-5, and the obtained breakthrough curves are plotted in 

Figure 5-2. As can be seen, Carbopack® B as well as SBA-16 breakthrough occurred at the beginning 

of the experiment; in contrast, longer breakthrough times of 55 and 72 min (see Table 5-1) were 

observed for ZSM-5 and HKUST-1, respectively. Moreover, the saturation point is rapidly reached in 

Carbopack® B. This behaviour may result from the low specific surface area of 112 m2/g and weak 

adsorbate-adsorbent interactions owe to the aldehyde function of hexanal. 

Table 5-1. Textural properties and adsorption capacities of studied materials towards gaseous hexanal 

Adsorbent 
SBET 

(m2/g) 
Vpore (mL/g) 

Pore size 

(Å) 

Breakthrough 

time (min) 

Adsorption Capacity 

(mg/g ads)* 

Carbopack® B 112 - - 0 39.4 ± 5.6 

SBA-16 572 0.72 3.4 / 6.0 10 341.5 ± 48.6 

HKUST-1 1,733 0.89 0.54 / 0.69 72 816.2 ± 116.1 

ZSM-5 367 0.17 0.55 55 451.5 ± 64.2 

*Errors associated to the generated concentration by taking into account a variation of ± 2°C in the saturator 



  

 

 

 

Chapter 5: VOC adsorption on different materials 

 
244 

  

  

Concerning the mass transfer zone, it is usually related to the particle size, smaller sizes enabling 

higher intraparticle mass transfer rates, and also to the presence of micropores. ZSM-5 as well as 

HKUST-1 showed smaller particle size (10 – 30 µm) compared to SBA-16 (10 – 180 µm), which may 

lead to shorter mass transfer zone. Nevertheless, hexanal seems to suffer from diffusional limitations 

in HKUST-1 since the kinetics of the adsorption process appears to be lower than in ZSM-5. For each 

adsorbent, the total adsorption capacity was calculated as the area above the breakthrough curve, 

following the procedure detailed in Section 2.1.3. As shown in Table 5-1, HKUST-1 exhibited the 

largest adsorption capacity (816.2 mg/g adsorbent) followed by ZSM-5 (451.5 mg/g adsorbent), SBA-

16 (341.5 mg/g absorbent) and, finally, Carbopack® B (39.4 mg/g adsorbent). The lower adsorption 

capacity of Carbopack® B could be explained by its lower specific surface area compared to other 

materials, thus limiting the amount of adsorption sites and leading to more rapid saturation. 

Moreover, the interactions between the hydrophobic surface of Carbopack® B and the hexanal 

molecule may be presumably weak due to the permanent dipole moment of the aldehyde function. 

SBA-16 and ZSM-5 showed comparable adsorption capacities. Indeed, the structure of silica is quite 

similar to that of zeolite since both 3D framework structures are built of SiO4 tetrahedra. However, 

while silica is essentially a covalent structure with low polarity due to some free hydroxyl groups on 

the surface [17], ZSM-5 includes also AlO4 tetrahedra creating negative charges along the framework. 

These charges are compensated by positive cations, increasing the polarity of the framework. In the 

studied zeolite, the negative charges are compensated by hydrogens, forming hydroxyl groups 

bonded to aluminium atoms. These Si-(OH)-Al groups act as rather strong up to very strong Brønsted 

acids whereas Si-OH groups in mesoporous silica exhibit a weak acid strength [18]. Therefore, both 

groups can interact with hexanal molecules via hydrogen bonds but to a different extent, the 

interactions being stronger as the acid strength increases, which may explain the higher adsorption 

capacity of ZSM-5 compared to SBA-16. Moreover, hexanal molecules size (5.2 Å) being very close to 

that of ZSM-5 micropores (5.5 Å), strong electrostatic interactions are expected within these 

micropores that may also promote hexanal adsorption at low concentrations, as reported by Ortmann 

et al. [13]. 

HKUST-1 showed the higher adsorption capacity among the studied materials. This superior capacity 

could be attributed to a very high specific surface area that provides a large amount of adsorption 

sites but also to favorable adsorbate-adsorbent interactions. Similarly to the case of ZSM-5, strong 

electrostatic interactions are expected between hexanal molecules and micropore walls due to their 
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similar size. Additionally, polar or polarizable molecules can strongly interact with copper ions of 

HKUST-1 [19]. These interactions between the carbonyl group and the copper ions are expected to be 

stronger compared to the hydrogen bonds due to the higher charge of the cation, thus leading to an 

enhanced adsorption capacity. A remarkable adsorption performance of HKUST-1 for molecules 

containing polar functions such as alcohols, ketones, aldehydes, phenolic or indolic compounds, 

presumably due to its elevated surface area and the presence of unsaturated copper centres, was 

reported in other studies [20]–[22]. 

 
Figure 5-2. Breakthrough curves of gaseous hexanal on 

different materials (flow rate  = 20mL/min, C0 = 3289.3 ppm) 

 

Figure 5-3. Hexanal adsorption capacity of each adsorbent 

(mg/g adsorbent) 

5.3.1.2 Comparison with the literature 

Adsorption of a broad spectrum of pollutants has been widely studied to evaluate the suitability of 

certain materials for air pollution control. However, few experimental data on adsorption of gaseous 

hexanal were found in the literature [13], [23], [24]. These results are summarized in Table 5-2. It is 

apparent from the results that a pore size close to the hexanal molecule mean diameter and a 

favourable surface chemistry seem to be the two key factors promoting hexanal adsorption. Since 

hexanal is a relatively polar molecule compared to other hydrocarbons, the interactions with 

hydrophobic surfaces are generally weak. To increase the affinity of certain materials to hexanal, a 

commonly employed technique has been the surface functionalization with amines. Amine functions 

can strongly interact with the aldehyde function, leading to an enhancement of the hexanal adsorption 

compared to the non-functionalized materials [23], [24]. An accurate comparison of those materials 

with those employed in this study is difficult due to the different experimental conditions employed,   



  

 

 

 

Chapter 5: VOC adsorption on different materials 

 
246 

  

  

Table 5-2. Literature review of gaseous hexanal adsorption on various materials 

Adsorbent 
SBET 

(m2/g) 

Vtotal  

(mL/g) 

Vmicro 

(mL/g) 

Pore size 

(nm) 

Concentration 

(ppm) 

Temperature 

(°C) 

Adsorption Capacity 

(mg/g ads) 
Reference 

Carbopack® B 112 - - - 3,289 22 39.4* This work 

SBA-16 572 0.72 - 3.4 / 6.0 3,289 22 341.5* This work 

HKUST-1 1,733 0.89 0.68 0.54 / 0.69 3,289 22 816.2* This work 

ZSM-5 348 0.18 - 0.55 3,289 22 451.5* This work 

SBA-15 922 1.14 - 7.6 106 r. t. 50.1 [24] 

S-AP 422 0.72 - 7.0 106 r. t. 180.3 [24] 

S- MAP 401 0.69 - 6.6 106 r. t. 150.2 [24] 

D47-3 Extra (AC) 980 - - 0.4 - 1 1,000 25 ~ 284.7 [13] 

CMK-3 1,561 - - 4.37  1,000 25 ~ 422.1 [13] 

AP-BTEVA PMO 992 - - 4.1 1,000 25  ~ 410  [23] 

BTEVA PMO 1,360 - - 4.4 1,150 25  ~ 480 [23] 

AC D47-3 Extra  1,000 - - 1.0 1,000 25  ~ 300 [23] 

BTEVB PMO 895 - - 4.2 1,320 25  ~ 225 [23] 

*dynamic adsorption capacity; S-AP: primary aminosilica; S- MAP: secondary aminosilica; BTEVA: bis(triethoxysilyl)vinyl]aniline; BTEVB: [bis(triethoxysilyl)vinyl]benzene; 

PMO: Periodic mesoporous organosilica    
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i.e. the gas concentrations ranges used and the adsorbent nature itself. However, it is evident from the 

results that Carbopack® B is not an appropriate adsorbent for hexanal removal due to its limited 

adsorption capacity even at very high concentrations. In contrast, HKUST-1 showed an outstanding 

adsorption performance. Even if this performance was measured at considerably high hexanal levels, 

significant adsorption capacity at lower gas hexanal concentrations could be expected and should be 

comparable with those of the amino functionalized materials. Therefore, HKUST-1 could be a suitable 

candidate for pollutant removal without the need for functionalization. 

5.3.1.3 Conclusions 

The adsorption capacity is a key feature of a potential material for air pollutant removal and gas 

analysis applications [25]. Among the investigated adsorbents, HKUST-1 has demonstrated the 

highest hexanal adsorption capacity (816.2 mg/g adsorbent) followed by ZSM-5 (451.5 mg/g 

adsorbent), SBA-16 (341.5 mg/g absorbent) and, finally, Carbopack® B (39.4 mg/g adsorbent). From 

this point of view, HKUST-1 could be the most appropriate adsorbent for hexanal removal. 

Nevertheless, it is known that metallic centres of HKUST-1 can also strongly interact with water 

resulting in a dramatically decrease in the adsorption capacity in humid environments [26]. To our 

knowledge, there is no studies on competitive adsorption of hexanal-water mixtures on HKUST-1; 

therefore, further investigation must be conducted to evaluate the adsorption performance of these 

adsorbents under more realistic conditions (moderate humidity and low concentrations). 

5.3.2 Formaldehyde adsorption 

Formaldehyde is one of the most common toxic pollutants found in indoor air [27]. At domestic scale, 

adsorptive methods are usually employed for gaseous pollutant removal. These methods are also 

employed for sample preconcentration in gas analysis. However, common adsorbents are very often 

not effective for formaldehyde adsorption due to its high polarity and small size. For these reasons, 

in the last years, a significant number of studies has been conducted on formaldehyde adsorption on 

different materials. Nevertheless, most of these works are performed at unrealistic formaldehyde 

levels (1 to 150 ppm) [24], [28]–[30], presumably due to the difficulties associated to accurately 

generate a formaldehyde gas flow at ppb levels and also, ascribed to the online accurate measurement 

required to monitor the adsorption process.  
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In domestic indoor environments, formaldehyde levels range typically between 10 and 100 ppb [31], 

[32] and in workplaces, the concentrations can usually vary in the range 100-1000 ppb [33], [34]. 

Therefore, the experimental results obtained at ppm levels are not fully representative of the 

performances of these materials in real environments. Indeed, adsorption capacity depends on the 

partial pressure of the gaseous compound and this relationship is not linear in all the pressure ranges. 

To illustrate the influence of the experimental conditions selected, two examples are given below. 

Carter et al. [29] studied formaldehyde adsorption in three different forms of activated carbon in the 

ppm range. As can be observed in Figure 5-4, in the high-pressure region (formaldehyde concentration 

~ 25 ppm), ACF (activated carbon fibers) exhibited the highest adsorption capacity followed by GAC1 

(all-purpose granular AC) and GACF (commercial granular AC for HCHO gas-phase removal). 

However, at lower concentrations such as 3.5 ppm, the behaviour of the adsorbents changes 

completely, GACF showing the highest adsorption capacity followed by ACF and GAC1. These 

results reveal the importance of using concentrations as close as possible to the real ones to accurately 

assess the adsorption performance for real-world applications. Similar results were reported by Bellat 

et al. [28] when studying formaldehyde adsorption on AC, MIL-53 and SBA-15, as shown in Figure 5-

5. In this case, AC showed a poor adsorption capacity compared to MIL-53 at formaldehyde partial 

pressure of 2 hPa (~ 2000 ppm). However, the adsorption capacity of these adsorbents was almost 

identical when formaldehyde partial pressure approached more realistic levels. These results 

demonstrate that performances obtained at high concentrations do not necessarily correspond to the 

ones obtained at very low levels. In this regard, there is an obvious lack of experimental data in the 

literature on formaldehyde adsorption at ppb levels, which are necessary to properly evaluate the 

materials for either pollutant removal or potential gas analysis applications.  

The objective of this study is to provide accurate information on the adsorption performance of a series 

of materials at realistic formaldehyde concentrations. To this purpose, dynamic adsorption 

experiments have been conducted, employing the setup presented in Figure 2-6. For the experiments, 

a formaldehyde concentration of 164 ppb was provided by the home-made formaldehyde generator 

presented in Section 2.1.3.3. This instrument was previously calibrated by using the conventional 

sampling method on DNPH cartridges followed by HPLC/UV analysis. 
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Figure 5-4. Formaldehyde adsorption isotherms for  

ACF (◇), GAC1 (□), and GACF (△) representing the 

adsorption capacity at different formaldehyde 

concentrations (T = 299 K) [29]. 

Figure 5-5. Formaldehyde adsorption isotherms on AC 

(black), SBA-15 (orange) and MIL-53 (blue) representing 

the adsorption capacity of these materials at different 

formaldehyde partial pressures (T = 298 K) [28]. 

The overall relative uncertainties of the generated gaseous concentrations were calculated and are in 

the range 9-11%. Dynamic adsorption experiments were carried out at a flow rate of 15 mL/min and 

formaldehyde concentration of 164 ppb. Since the formaldehyde analyser (µF-1, In’Air Solutions, 

France) employed to monitor the gaseous effluent was very sensitive (LOD ~ 1 ppb), prior to the 

analysis, this latter was diluted with 30 mL/min of synthetic air to avoid the detector saturation. An 

average of 13 min was subtracted from the calculated breakthrough and saturation times due to the 

response time of this instrument (10 min) and the setup dead time (3 min).  

Firstly, formaldehyde adsorption on three commercial adsorbents previously employed in BTEX 

adsorption experiments was investigated. Afterwards, the adsorption was studied on the series of 

HZSM-5 zeolites presented in Section 5.2. Additionally, the adsorption was tested on two other ZSM-

5 zeolites: the commercially available CBV3020E (SAR = 15) and CBV3020E exchanged with Mg as a 

compensating cation. Finally, a comparison with experimental data of the literature is presented.  

5.3.2.1 Formaldehyde adsorption on commercial adsorbents 

The commercial adsorbents, i.e. Carbopack® B, SBA-16 and HKUST-1 studied previously for toluene 

and BTEX adsorption, were also investigated for formaldehyde adsorption. Dynamic adsorption 

experiments were performed to obtain the corresponding breakthrough curves. For each material, 

formaldehyde adsorption capacity was calculated as the area above the curve according to Equation 

2-7. Adsorption capacities and breakthrough times are presented in Table 5-3. It is important to note 
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that, to enable better graphical comparison of the breakthrough curves, 5.5 mg of Carbopack® B and 

SBA-16 were employed whereas only 3 mg were used in the case of HKUST-1. As observed in Figure 

5-6a, Carbopack® B and SBA-16 exhibit a comparable adsorption behaviour while HKUST-1 shows 

an outstanding adsorption performance despite the smaller adsorbent quantity used. Figure 5-6b 

provides a detailed view of the first 150 min of the experiment in which an appreciable difference can 

be observed between Carbopack® B and SBA-16 curves. Carbopack® B shows immediate 

breakthrough and the outlet concentration sharply increases until the saturation point is reached after 

26 min of adsorption. This behaviour can be explained by the surface chemistry of the graphitised 

carbon black. Indeed, due to the hydrophobic surface of the carbon, the adsorbate-adsorbent 

interactions depend solely on London forces. For a small molecule such as formaldehyde, these forces 

are very weak; in consequence, the adsorption of this compound on Carbopack® B is almost negligible 

(see Figure 5.6). In contrast, SBA-16 curve needs 34 min to reach the breakthrough due to a higher 

specific surface area as well as more favourable adsorbate-adsorbent interactions. As previously 

explained in Section 2.1.1.3, SBA-16 contains a large number of silanol groups (Si–OH) at the inner 

surface of its mesopores. The aldehyde function of formaldehyde molecules can interact with these 

groups via hydrogen bonding [24], thus, promoting the adsorption of formaldehyde molecules. As a 

result, the adsorption capacity of SBA-16 is much higher than that obtained for Carbopack® B. 

Table 5-3. Textural properties and adsorption capacities of studied materials towards gaseous formaldehyde 

Adsorbent 
SBET 

(m2/g) 
Vpore (mL/g) 

Pore size 

(nm) 

Breakthrough 

time (min) 

Adsorption Capacity 

(µg/g ads) 

Carbopack® B 112 - - 2 1 4.5 1 

SBA-16 572 0.72 3.4 / 6.0 32 1 29.0 1 

HKUST-1 1,733 0.89 0.54 / 0.69 67 2 503.7 2 

1 5.5mg sample; 2 3 mg sample; 

HKUST-1 showed the best adsorption performance among the investigated commercial adsorbents. 

Despite the mass of HKUST-1 employed in the experiment lower than the mass of the other 

adsorbents, the breakthrough and the saturation points were reached much later. This remarkable 

capacity obtained can be explained by several factors. HKUST-1 has a very high specific surface area 

that provides a large amount of adsorption sites. Additionally, this material presents pores with 

diameters of 5.4 and 6.9 Å. These pores are suitable for formaldehyde adsorption since they are 

sufficiently large to enable the entrance of the formaldehyde molecule (kinetic diameter = 2.5 Å) and 
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narrow enough for the molecules to establish significant interactions with the linkers of the pore walls. 

Moreover, it is expected that copper atoms present in the metal organic framework structure establish 

a coordination bond with the oxygen from formaldehyde carbonyl group as reported by Dutta et al. 

[35]. Therefore, it is evident that surface area influences the formaldehyde adsorption, but it seems 

that the remarkable adsorption capacity is mainly attributed to very favourable adsorbate-adsorbent 

interactions and, thus, the surface chemistry. This observation is in line with the results reported in 

previous studies. Rong et al. found an enhancement of the adsorption capacity related to the amount 

of oxygen-containing functional groups on the surface of AC due to the formation of strong adsorbate-

adsorbent interactions [36]. Similar correlation between formaldehyde adsorption capacity and 

nitrogen-containing groups, especially pyrrolic, pyridonic, pyridinic, and quaternary on the surface 

of AC was observed by Song et al. [37]. Despite the decrease in the specific surface area that is typically 

observed after surface functionalization, these materials exhibited higher adsorption capacity than 

their bare counterparts, demonstrating that surface chemistry is the driven parameter in the 

adsorption of polar molecules. 

 

Figure 5-6. (a) Breakthrough curves of gaseous formaldehyde on Carbopack® B, SBA-16 and HKUST-1 (formaldehyde 

concentration = 201 ppb, flow rate = 15 mL/min) and (b) enlarged view of the first 150 min of the experiment 

Among the adsorbents studied in this work, HKUST-1 could be the most appropriate candidate for 

airborne formaldehyde removal. However, as formaldehyde molecules, water molecules can be easily 

coordinated on the unsaturated copper sites of HKUST-1 [38]. If this interaction is more favourable 

than the interaction with formaldehyde, a significant decrease of the formaldehyde adsorption 

capacity in humid environments could be expected, limiting its use in these conditions. In gas analysis, 

this disadvantage can be partially overcome by adding a device to trap the water molecules prior to 
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the gas sampling on the adsorbent bed, as for example a Nafion tube. To avoid the need to integrate 

devices for water trapping, more hydrophobic adsorbents such as ZSM-5 zeolites were also 

investigated. 

5.3.2.2 Formaldehyde adsorption on zeolites 

Due to the decrease expected in the formaldehyde adsorption capacity of HKUST-1 in humid 

environments, more hydrophobic materials such as ZSM-5 zeolites have been selected for study. This 

type of zeolites is mainly hydrophobic, but its polarity is tunable by modifying the aluminium content 

in the framework. This content can be easily controlled by varying the conditions employed during 

the synthesis. When aluminium content increases, Al (+III) atoms replace Si (+IV) atoms, resulting in 

larger amount of negative charges in the framework and, hence, influencing the polarity. Therefore, 

the hydrophobicity in zeolites increases when less partial charges are present in the framework, i.e. 

when Al content decreases (high SAR) [39]. In these structures, negative charges are compensated 

with protons that are coordinated to one of these oxygen atoms, forming BrØnsted acid sites [40]. In 

consequence, higher acidity is expected in zeolites with high aluminium content. Zeolites surface 

chemistry can also be modified by replacing these hydrogens by other cations such as Na+, Ca2+, NH4+, 

etc. resulting in an increase of zeolite hydrophilicity. 

Firstly, three zeolites were synthetized with SAR of 198, 132 and 79 to evaluate the influence of the 

aluminium content and, thus, the acidity on zeolite adsorptive properties. The chemical composition, 

textural properties and the total number of BrØnsted acid sites of investigated zeolites are listed in 

Table 5-4. As expected, zeolites with low SAR had higher acid site density. The three materials have 

comparable specific surface areas and pore volumes, enabling a comparison of the adsorptive 

properties exclusively based on the acidity. To determine the corresponding adsorption capacities, 

dynamic adsorption experiments were carried out using a formaldehyde concentration of 164 ppb at 

a flow rate of 15 mL/min. The breakthrough curves obtained are presented in Figure 5-7.  

For all zeolites, the obtained curves are fairly similar in shape. During the first minutes of the 

experiment, the adsorption of formaldehyde was complete and breakthrough point was reached at 

11, 12 and 21 min for ZSM-5_198, ZSM-5_132 and ZSM-5_79, respectively. Zeolites with higher SAR 

exhibited earlier breakthrough probably due to the difficulty of formaldehyde molecules to find 

adsorption sites. 
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Table 5-4. Chemical composition, acid site density, textural and adsorption properties of as-prepared H-ZSM-5 zeolites. 

Sample SAR 
Acid site density 
(mmol H+ /g zeolite) 

S
BET

 

(m
2
/g) 

V
pore

 

(cm
3
/g) 

Breakthrough 
time (min) 

Adsorption Capacity  

(µg/g ads) 

ZSM-5_198 198 0.132 367 0.17 21 1 10.18 1 

ZSM-5_132 132 0.133 352 0.18 12 1 14.80 1 

ZSM-5_79 79 0.249 348 0.18 11 1 21.61 1 

CBV3020E 15 0.361 369 0.13 7 25.99 2 

CBV3020E - Mg 15 0.280 296 0.11 4 34.86 2 

1 5.5mg sample; 2 1.7 mg sample;  

By contrast, ZSM-5_79 possessing almost twice more acid sites showed a later breakthrough. After the 

breakthrough point, two different slopes can be distinguished. Firstly, a sharp concentration increase 

in the outlet effluent is observed indicating fast kinetics and, afterwards, outlet concentration slowly 

increases until the initial concentration is reached, suggesting that the adsorption kinetics close to the 

adsorbent saturation is much slower. Adsorption capacity was assessed by numerical integration of 

the area above the breakthrough curve, following the procedure already described in Section 2.1.3.  

As can be observed in Figure 5-7, zeolites with higher acid density, i.e. lower Si/Al ratio, exhibited 

greater adsorption capacity. It appears from this evidence that the adsorption of formaldehyde 

molecules is directly related to the aluminium content and, thus, the amount of BrØnsted acid sites. In 

order to illustrate this relationship, adsorption capacities of the investigated ZSM-5 zeolites, including 

another ZSM-5 commercial zeolite (Si/Al = 15) were plotted versus SAR (see Figure 5-8). A highly 

linear correlation is observed in all the SAR range suggesting that formaldehyde adsorption could be 

attributed to the interactions between the carbonyl function and zeolitic Si–(OH)–Al groups, as 

reported previously by Kukulska-Zaja̧c and Datka [41]. 

Moreover, the reduction of the specific surface area observed when SAR decreases appears to have a 

negligible effect on formaldehyde adsorption. This observation reinforces the idea that formaldehyde 

adsorption is primarily dominated by surface chemistry. 
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Figure 5-7. Breakthrough curves of gaseous formaldehyde over ZSM-5 zeolites 

with different Si/Al ratios (formaldehyde concentration = 164 ppb, flow rate = 15 

mL/min) 

Therefore, it can be concluded that, at low concentrations, a more effective formaldehyde adsorption 

can be achieved by using zeolites with high aluminium content.  

 

Figure 5-8. Formaldehyde adsorption capacities of ZSM-5 with different Si/Al ratios 

The second part of the study deals with the influence of the compensating cation of the zeolite network 

on formaldehyde adsorption. The commercial ZSM-5 zeolite (CBV3020E, Zeolyst) was loaded with 

Mg following the procedure described in Section 2.1.14. Textural properties and acidity of the pristine 

and metal loaded zeolites are presented in Table 5-4. As reported in other studies, a decrease in the 
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specific surface area between the metal and the hydrogen substituted zeolites was observed [28], [42]. 

This reduction can be explained by the larger size of Mg atom with respect to hydrogen atom. The 

metal loading was successfully accomplished as suggested by the reduction of the acidity in the metal 

loaded zeolite, indicating that some of the hydrogens of the network were replaced, and further 

confirmed by the presence of Mg in EDX (Energy Dispersive X-Ray) micrographs (see Figure 5-9). 

Once metal loading was verified, the dynamic adsorption capacities of CBV3020E and CBV3020E-Mg 

were investigated. Breakthrough curves obtained are displayed in Figure 5-10. Apparently, both 

curves are very similar; however, the masses employed for the tests were 1.8 and 1.6 mg for CBV3020E 

and CBV3020E-Mg, respectively. Therefore, a slight difference between the curves could represent a 

great variation, for example, in the adsorption capacity. Breakthrough times obtained for pristine and 

metal loaded zeolite were 7 and 4 min, respectively. The shorter breakthrough time of CBV3020E-Mg 

could be attributed to the lower mass of the sample and lower specific surface of this material. With 

regard to kinetics, both zeolites showed similar kinetics until C/C0 reached ~ 0.5. From this point to 

the saturation, CBV3020E-Mg exhibited slower kinetics, presumably due to diffusional limitations 

caused by Mg2+ cations. 

Adsorption capacity of zeolite increased 34% from the bare to the metal loaded counterpart due to the 

addition of Mg2+ (4 wt%). This enhancement in the adsorption capacity suggests that formaldehyde 

establishes stronger interactions with Mg2+ than hydrogen. These results are in line with those 

reported by Bellat et al. [28]. They observed indeed that the presence of cations such as Na+, K+ or Cu2+ 

in ZSM-5 zeolites produces an enhancement in the formaldehyde adsorption capacity. As observed in 

the first part of this study, a decrease in the specific surface area does not significantly affect the 

adsorption ability, providing a compelling evidence of the importance of surface chemistry on 

formaldehyde adsorption.  

Despite their moderate adsorption capacity that prevents their use for pollutant removal, zeolites can 

be considered for gas analysis applications. On the one hand, they are expected to have lower affinity 

to water compared to HKUST-1. On the other hand, they exhibit acceptable breakthrough times for 

formaldehyde sampling. These times range from 4 to 21 min under the employed conditions (room 

temperature, flow rate = 15 mL/min and adsorbent mass = 1.6 – 6 mg) enabling to quantitatively 

samples from 9 to 51 ppm of formaldehyde without breakthrough observation. This range of 
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concentrations is relatively high compared to the ones found in indoor air, thus assuring a quantitative 

sampling even in highly polluted environments such as industrial working environment. 

 

Figure 5-9. EDX mapping of Mg loaded CBV3020E zeolite  

 

 

Figure 5-10. Breakthrough curves of gaseous formaldehyde 

over CBV3020E and CBV3020E-Mg zeolites  

(C0 = 164 ppb, flow rate  = 15 mL/min) 

5.3.2.3 Performance evaluation of formaldehyde removal by conventional adsorbents 

Due to the occurrence in indoor air and the harmful effects of formaldehyde, its adsorption has been 

studied on several conventional materials such as MOF, zeolites, AC and mesoporous silica. The 

adsorption capacities obtained in all those studies as a function of the concentration are plotted in 

Figure 5-11. As can be seen, the results are very different depending on the adsorbents and 

concentrations considered. Most of studies are conducted at a formaldehyde concentration from 3.65 

to 150 ppm (corresponding to partial pressures from 0.015 to 13.7 Pa), thus being not representative 

of ambient conditions where formaldehyde is usually present at several tens or few hundreds of ppb. 

Moreover, the high variability in the partial pressures employed makes difficult a proper comparison 

between the adsorption capacities of different adsorbents.  

As presented at the beginning of this section, comparing data obtained in the high-pressure region 

with those obtained in the low-pressure region can result in an inaccurate evaluation of the adsorption 

performance. Therefore, to reduce the possible errors in the adsorption performance assessment, 

instead of adsorption capacity, the Henry’s constant (��) is commonly employed for comparison 

purposes [20], [43]–[45]. �� is a relevant parameter to explain gas-solid adsorption behaviour [20] that 

can be used to evaluate the adsorption affinity of a material on a certain adsorbate. 
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Figure 5-11. Formaldehyde adsorption capacities of diverse materials at different formaldehyde concentrations 

This parameter is considered valid only at relatively low pressures (< 100 Pa corresponding to 1,094 

ppm), where it is assumed that the adsorption capacity increases linearly with the adsorbate partial 

pressure. Thus, in this interval, Henry’s law can be applied [44] and the Henry’s constant �� (mol/kg-

1Pa-1) can be estimated as the slope of the adsorption capacity versus partial pressure plot as follows:  

�� 8	 g
	��	 � Eq. 5- 1 

where q (kg/ kg adsorbent) is the adsorption capacity, ��	is the formaldehyde partial pressure (Pa) and 

 � is the molecular weight of formaldehyde (kg/mol).  

In most studies, Henry’s constant is not provided; hence, it has been calculated whenever possible 

from the data available in the experiments conducted at partial pressures lower than 100 Pa where 

Henry’s law can be applied. In Table 5-5, adsorbents are listed in decreasing order of Henry constant. 

Apart from the comparison of the adsorptive properties of materials differing in nature, the 

determination of �� values enables to draw some general conclusions about the most crucial factors 

in formaldehyde adsorption. Contrary to the general trend on the adsorption of non-polar 

compounds, specific surface area (SSA) seems not to be one of the most important factors on 

formaldehyde adsorption capacity as demonstrated by a relatively low �� of MIL-101 (Cr) (SSA = 2,367 

m2/g) and the high �� obtained for S-AP (SSA = 422 m2/g). Several studies demonstrated indeed that 

functionalized materials with lower specific surface area exhibited an enhancement of the adsorption 
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capacity compared to the non-functionalized materials, owing to the formation of stronger 

interactions between the functional groups and formaldehyde molecules [24], [30]. This observation 

reveals that surface chemistry is a more decisive factor in formaldehyde adsorption than specific 

surface area.  

Considering the pore size, it appears to be relevant when it is of the same order as the formaldehyde 

molecular diameter (Dp = 2.5 nm) due to the steric hindrance that can be caused, as observed in zeolite 

3A (Dp =  3 nm) [28]. However, it seems not to be significant when it is much larger than formaldehyde 

kinetic diameter, as confirmed by the different ��	values obtained for DaY (Dp = 0.74 nm, KH = 0.135 

mol/kg Pa) and NaX (Dp = 0.74 nm, KH = 4.373 mol/kg Pa), thus demonstrating that surface chemistry 

governs the adsorption of formaldehyde and, in general, polar molecules. Taking this into account, 

different strategies have been adopted to enhance adsorption capacity. Amine functionalization is the 

most common method employed to increase formaldehyde affinity in AC and mesoporous silica 

whereas high aluminium content and metal loading appear to be the most effective techniques in 

zeolites. 

As mentioned previously, the calculation of ��	allows to evaluate the adsorbent affinity to 

formaldehyde and, thus, to assess their suitability for air pollution applications. As it is evident from 

��	values, activated carbon fibers and some of metal loaded zeolites exhibited an outstanding affinity 

to formaldehyde attributed to the formation of strong adsorbate-adsorbent interactions. Therefore, it 

is expected that a high formaldehyde adsorption capacity be reached even at low concentrations, 

making these materials potential candidates for pollutant removal purposes. Concerning gas analysis 

applications, these adsorbents are probably not suitable since a complete desorption is required for 

the accurate formaldehyde quantification. Bellat et al. [28] observed that the adsorbed formaldehyde 

can polymerize into paraformaldehyde in the cages of zeolites NaX and NaY. The desorption of this 

latter compound becomes therefore much more difficult due to the size of the polymer, the complete 

desorption being only possible at 400 °C under dynamic vacuum, which is not compatible with gas 

analysis applications. Formaldehyde desorption from AC fibers was not investigated but the strong 

interactions of this compound with the acidic groups could potentially result in high desorption 
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Table 5-5. Formaldehyde adsorption capacities of various zeolites obtained in previous studies classified in descending order of the value of KH. 

Adsorbent 
Adsorbent 

Type 
SBET 

(m2/g) 
Vtotal 

(mL/g) 
Pore size 

(nm) 
Concentration 

(ppm) 

Partial 
pressure 

(Pa) 

Temperature 
(°C) 

Adsorption 
capacity 

(mg/g ads) 

KH  

(mol/kg-1 Pa-1) 
Reference 

ACF AC 860 0.34 0.53 3.65 0.334 26 52.30 5.221 (Carter et al., 2011) 

NaX Zeolite 690 n. a. 0.74 10 0.914 25 120 4.373 (Bellat et al., 2015) 

CuX Zeolite 653 n. a. 0.74 10 0.914 25 90 3.279 (Bellat et al., 2015) 

NaY Zeolite 749 n. a. 0.74 10 0.914 25 90 3.279 (Bellat et al., 2015) 

AC fiber AC 1,084 0.41 0.53 3.65 0.334 26 28.20 2.815 (Carter et al., 2011) 

M-CLZ Zeolite 663.2 0.298 n. a. 46 4.204 25 300.5 2.380 (Kalantarifard et al., 2016) 

Clinoptilolite Zeolite 436.3 0.27 n. a. 46 4.204 25 194.5 1.541 (Kalantarifard et al., 2016) 

HKUST-1 MOF 1,733 0.89 
0.54 / 
0.69 

0.164 0.015 23 0.504 1.120 This work 

Faujasite (Y) Zeolite 415.2 0.136 n. a. 46 4.204 25 123.7 0.980 (Kalantarifard et al., 2016) 

KY Zeolite 703 n. a. 0.74 10 0.914 25 24 0.875 (Bellat et al., 2015) 

Zeolite A Zeolite 301.6 0.107 n. a. 46 4.204 25 106.7 0.845 (Kalantarifard et al., 2016) 

S-AP MS 422 0.72 7 88 8.042 r. t. 140.2 0.581 (Nomura and Jones, 2013) 

Modernite Zeolite 253.3 0.064 n. a. 46 4.204 25 70 0.555 (Kalantarifard et al., 2016) 

All-purpose 
granular AC (GAC1) 

AC 869 0.34 0.5 3.65 0.334 26 5.30 0.529 (Carter et al., 2011) 

ED-MIL-101 (Cr)-3 MOF 382 0.34 < 2.3 150 13.708 r. t. 164.87 0.401 (Wang et al., 2016) 

ED-MIL-101 (Cr)-2 MOF n. a. n. a. < 2.3 150 13.708 r. t. 163.97 0.398 (Wang et al., 2016) 

S-MAP MS 401 0.69 6.6 88 8.042 r. t. 80.1 0.332 (Nomura and Jones, 2013) 
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ED-MIL-101 (Cr)-1 MOF 764 0.58 < 2.3 150 13.708 r. t. 131.54 0.320 (Wang et al., 2016) 

3A Zeolite 497 n. a. 0.3 10 0.914 25 7 0.255 (Bellat et al., 2015) 

MIL-101 (Cr) MOF 2,367 1.48 2.3 150 13.708 r. t. 100.30 0.244 (Wang et al., 2016) 

DaY Zeolite 717 n. a. 0.74 10 0.914 25 3.7 0.135 (Bellat et al., 2015) 

SBA-15 MS 922 1.14 7 88 0.914 r. t. 22 0.120 (Nomura and Jones, 2013) 

SBA-15 MS 595 0.4221 n. a. 10 8.042 25 3.3 0.091 (Bellat et al., 2015) 

CBV3020E - Mg Zeolite 296 0.11 0.551 0.164 0.015 23 0.035 0.078 This work 

AC AC 942 0.1011 n. a. 10 0.914 25 2 0.073 (Bellat et al., 2015) 

SBA-16 MS 572 0.72 3.4 / 6.0 0.164 0.015 23 0.029 0.064 This work 

CBV3020E Zeolite 369 0.13 0.551 0.164 0.015 23 0.026 0.058 This work 

ZSM-5_79 Zeolite 348 0.18 0.551 0.164 0.015 23 0.022 0.049 This work 

ZSM-5_132 Zeolite 352 0.18 0.551 0.164 0.015 23 0.015 0.033 This work 

AgCu/HZSM-5 Zeolite 299 n. a. n. a. 26.2 2.394 RT 1.62* 0.023 (Zhao et al., 2011) 

ZSM-5_198 Zeolite 367 0.17 0.55 0.164 0.015 23 0.01 0.022 This work 

Ag/HZSM-5 Zeolite 310 n. a. n. a. 29.7 2.714 RT 0.77* 0.009 (Zhao et al., 2011) 

Carbopack® B GCB 112 - - 0.164 0.015 23 0.004 0.009 This work 

MIL-53 (Ga) MOF 560 - n. a. 10 0.914 25 0.2 0.007 (Bellat et al., 2015) 

Cu/HZSM-5 Zeolite 314 n. a. n. a. 29.6 2.705 RT 0.49* 0.006 (Zhao et al., 2011) 

HZSM-5 (SAR = 360) Zeolite n. a. n. a. n. a. 24.4 2.230 RT 0.35* 0.005 (Zhao et al., 2011) 

1 Theoretical pore size; *Adsorption capacities calculated from mL of catalyst using a zeolite density of 0.72 g/mL [46]; *dynamic adsorption capacity; S-AP: primary aminosilica; S- MAP: secondary 

aminosilica. GCB: graphitised carbon black; MOF: metal organic frameworks; AC: activated carbon; MS: mesoporous Silica. KH has been calculated from the formaldehyde partial pressure employed 

in each study and the obtained adsorption capacity following the Eq. 5- 1 assuming that Henry’s law can be applied. 
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temperatures. Therefore, for preconcentration purposes, moderate adsorbate-adsorbent interactions 

are preferred. Hence, the adsorbents showing ��	values ranging from 0.1 to 1.5 mol/kg Pa seem to be 

more appropriate. These adsorbents exhibited a non-negligible formaldehyde adsorption capacity, 

thus enabling a quantitative sampling and, furthermore, the intermediate strength of the interactions 

may presumably lead to moderate desorption temperatures (150 - 250°C) similarly to the ones 

employed in conventional preconcentration systems. In this context, HKUST-1 could be a suitable 

candidate for this application. In this MOF, water molecules are adsorbed by interactions with copper 

sites and the carboxylic groups of the linkers and, since formaldehyde is a small polar molecule, 

similar interactions are expected in formaldehyde adsorption. Therefore, it may be reasonable to think 

that complete formaldehyde removal can be accomplished at a moderate temperature (~120 °C), as in 

the case of water. 

Finally, KH values lower than 0.1 mol/kg Pa are found for considerably hydrophobic materials such as 

ZSM-5 zeolites, some mesoporous silica and Carbopack® B due to the weakness of the adsorbate-

adsorbent interactions. It is obvious that these materials are not suitable for pollutant removal because 

of their limited adsorption capacity at low concentrations. However, some of them, such as Mg loaded 

and low SAR ZSM-5 zeolites or mesoporous silica (SBA-15 and SBA-16), can be used as a sampling 

material in moist environments since water is not expected to be adsorbed to a great extent.  

5.3.2.4 Conclusions  

A selection of conventional adsorbents including a graphitised carbon black, a mesoporous silica 

and a metal organic framework with different textural properties and surface chemistries has been 

investigated to evaluate their performance for gaseous formaldehyde adsorption at realistic 

concentrations (164 ppb). Among the investigated adsorbents, HKUST-1 appears to be the most 

efficient. This material exhibited the highest adsorption capacity and seems to be a good candidate 

for gaseous formaldehyde removal at low relevant concentrations. However, it is known from the 

literature that this material has high affinity to water, thus, more hydrophobic materials were 

investigated for formaldehyde adsorption. In this regard, a series of ZSM-5 zeolites with different 

Si/Al ratios and with Mg as compensating cation were also assessed in terms of formaldehyde 

adsorption capacity. Formaldehyde was only slightly adsorbed in ZSM-5 zeolites, but the results 

indicate that a considerable enhancement can be achieved by increasing the aluminium content. 

Moreover, it was demonstrated that the adsorptive performance can be further improved by 
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adding Mg2+ as a compensating cation due to the stronger adsorbate-adsorbent interactions 

formed. 

To our knowledge, this is the first study to investigate formaldehyde adsorption at hundreds of 

ppb. This type of studies is needed because they provide accurate and reliable data of adsorption 

performance at ambient conditions. Thus, it allows to properly evaluate an adsorbent for real-

world applications. More studies must be conducted at realistic conditions since adsorption 

capacity at high concentrations has been demonstrated to be not always linearly correlated to the 

capacity at low concentrations.  

To enable a comparison between the experimental data obtained and the results from the 

literature, the Henry’s constant was calculated for each adsorbent. The use of this parameter for 

comparison purposes allowed to shed light on the critical factors on formaldehyde adsorption, 

demonstrating that surface chemistry plays a major role in this process. Furthermore, it allows the 

comparison of adsorptive properties of different materials using adsorption data obtained under 

different experimental conditions. From the calculated Henry’s constants, activated carbons and 

metal loaded X and Y zeolites seem to have potential applications in formaldehyde removal at 

low concentrations, whereas HKUST-1, more hydrophobic zeolites such as DaY, 3A or ZSM-5 and 

mesoporous silica could be more appropriate for gas analysis. Most of the experiments from the 

literature and the ones conducted in this work were performed in dry conditions (relative 

humidity < 5 %). Therefore, for real-world applications, it will be necessary to evaluate the 

competitive adsorption of water-formaldehyde binary mixtures to mimic the presence of 

humidity.  HKUST-1 has indeed high affinity to water but there are no experimental data available 

in the literature on multicomponent adsorption. Another key aspect that requires further study is 

the desorption. Desorption temperature and decrease of adsorption capacity with regeneration 

cycles should be also investigated to properly evaluate the suitability of adsorbents for air 

pollution removal and analysis applications. 
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General conclusions and perspectives 

During this thesis, different aspects related to the gaseous VOC quantification and removal have been 

addressed. At the beginning of this work, a field air quality campaign conducted in primary schools 

revealed the importance of near real time measurements in indoor air quality (IAQ) monitoring. These 

results, along with the new IAQ French legislation entered into force in 2018 disclosed an urgent need 

for portable analytical instruments sensitive enough to detect such low concentrations. This context 

was the motivation for the main objective to be met during this thesis, i.e. the development of a BTEX 

preconcentrator integrated in a portable GC prototype to achieve a LOD lower than 2 µg m-3 (0.6 ppb) 

for benzene. In parallel to this development, a complementary study of different adsorbents was also 

performed with a view to either better select and possibly enlarge the range of pollutants analysed or 

improve and characterize their adsorption/desorption cycles. 

The literature review presented in chapter 1 served to identify the main pollutants of indoor air and 

their range of concentrations. In this chapter, the most common methods for VOC quantification have 

been described and gas chromatography has proved to be the most suitable to meet with the objectives 

concerning portability and sensitivity defined at the beginning of this thesis. The state of the art 

performed on the gas preconcentrators allow to understand the importance of each parameter on the 

preconcentration performance and the current challenges in the miniaturization of gas 

preconcentration devices that were facing during this work. Finally, the review of the theoretical basis 

of the adsorption process helped me to understand and properly discuss the results obtained during 

the adsorption studies. 

Chapter 2 was divided in two sections: VOC adsorption and preconcentrator development. In the first 

part, the main characteristics of the solid materials employed for VOC adsorption and the reasons for 

which they were selected for this study were presented. Then, all the techniques and the experimental 

conditions employed for their characterization were detailed. These techniques provide information 

about the different features of these solids in terms of textural properties and chemical composition 

which are essential for the interpretation of the adsorption behaviour (breakthrough time and 

adsorption capacity). Afterwards, the different homemade experimental setups used for the 

adsorption experiments have been described. These setups allowed to precisely monitor VOC 

adsorption and provide the data to generate the breakthrough curves. These curves were used for the 
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assessment of the breakthrough time and adsorption capacity. Both features playing a major role in 

gas analysis and pollutant removal applications. 

In the second part of this chapter, the manufacturing process and the main elements of each 

preconcentrator developed in this thesis were described. This section illustrates the complexity and 

interdisciplinarity of the design process of an analytical instrument involving knowledge of different 

fields as analytical chemistry, thermodynamics, mechanics, fluid mechanics and electronics.  

In chapter 3 the results obtained during a field campaign of indoor air quality conducted in two French 

primary schools for 5 weeks were presented. The objective was to determine BTEX concentrations, 

identify their main emission sources and evaluate the efficiency of the different ventilation scenarios. 

To this purpose, preindustrial prototypes developed in our lab were employed to continuously 

monitor BTEX concentration under different occupation and ventilation conditions. These devices 

provided near-real time measurements that allowed to establish concentration-time profiles with high 

time resolution of 10 min. Such data, together with additional CO2 measurements, demonstrated to 

be an effective method for source identification. Indeed, CO2 levels can be used as confinement 

indicator, therefore, the correlation or anticorrelation of these with BTEX concentrations reveals the 

internal or external origin of the emission sources. Furthermore, repetitive patterns of pollution peaks 

measured at the same time in different weeks allowed to associate these emissions to children 

activities. 

Our study revealed the importance of near-real time measurements compared to classical methods 

such as passive sampling since they provide average concentrations that are not useful for an accurate 

identification of the emission source. Therefore, our portable GC proved to be a valuable tool for BTEX 

source identification, and it has demonstrated its ability to monitor BTEX continuously at ppb levels 

over long periods of time. Nevertheless, a lower benzene threshold of 0.6 ppb was fixed by the new 

air quality legislation for public buildings in France. Therefore, an increasing sensitivity was required 

to comply with this new regulation. Due to the lack of portable analytical instruments sensitive 

enough to detect such low concentration, a preconcentrator was developed to improve the sensitivity 

of this instrument to ppt levels. 

In chapter 4 the performance of every preconcentrator prototype developed and tested in this work 

is described in terms of heating and preconcentration ability. The objectives fixed for this device, apart 

from a LOD lower than 0.6 ppb for benzene, were to maintain an energy consumption low enough to 
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be integrated in a portable instrument. This instrument must also have similar time resolution being 

able to perform an analysis cycle in ~10-15 min.  

The first prototype developed, called MAP, was fully functional and exhibited LOD of 0.20 ppb for 

benzene. However, the high energy consumption due to its elevated thermal mass prevented its 

integration in portable commercial analysers. Therefore, to tackle this issue, several versions were 

developed by using diverse type of materials, adsorbents and heating systems. After many attempts, 

the last version developed, called µAP2, met all the requirements set in the objectives of this thesis. 

GC system integrating µAP2 exhibited a LOQ of 0.191 ppb for benzene with only 20 mL sample. To 

achieve this performance, the energy consumption was minimally incremented since only additional 

~ 70 W were required for 70 s to perform this preconcentration step. Furthermore, the integration of 

this supplementary step had negligible influence in the total analysis time since in the case of 

consecutive analysis, the sampling of the next analysis can be performed simultaneously during the 

separation step of the ongoing analysis. As in any analytical device, reproducibility and repeatability 

were also evaluated. Our instrument demonstrated satisfactory performances for these critical 

features highlighting their suitability for reliable analysis over long periods of time. Furthermore, the 

manufacturing cost of the developed preconcentrator can be estimated in several tens of euros what 

leads to an outstanding price-performance ratio for this device. 

The last part of this section consisted of a comparison with the existing portable GC in the literature. 

To our knowledge, our device showed the best sensitivity in terms of lowest detectable amount of 

pollutant being able to detect 3.6, 11.3, 32.0, 34.4 and 36.3 pg for benzene, toluene, ethylbenzene, m/p-

xylenes and o-xylene, respectively. These amounts were 2 – 3 orders of magnitude lower than the best 

sensitivities reported to date for portable GC equipped with a preconcentration units and they were 

closer to the analytical performances typically found in bench-top instruments. 

Chapter 5 summarizes the main results obtained in the sorption studies of BTEX, formaldehyde and 

hexanal on a wide variety of solid materials (adsorbents). The main objective of this study was to find 

an appropriate adsorbent for BTEX preconcentration and also for other common pollutants frequently 

encountered in indoor air, i.e. formaldehyde and hexanal. To this purpose, a series of dynamic 

adsorption experiments were carried out to evaluate the adsorption capacity and determine the key 

parameters affecting aromatics and aldehydes adsorption. This chapter was divided in three sections. 



  

 

 

 

General conclusions and perspectives 

 
270 

  

  

In the first section, toluene and BTEX adsorption at low concentration was evaluated on three 

commercial adsorbents differing in textural properties and surface chemistry. Among them, SBA-16 

exhibited the highest adsorption capacity in both single and multicomponent adsorption studies. In 

this latter, SBA-16 showed minimum roll up preventing the desorption of the most volatile molecules 

when the adsorbent is close to the saturation. These features, together with a reasonable activation 

energy for the desorption, suggested that this material can be a good candidate for gas analysis 

applications.  

In the second section, a similar adsorption study was presented but the adsorbents employed this time 

were zeolites synthetized in our research institute. Multicomponent BTEX adsorption experiments 

were carried out on five ZSM-5 zeolites with different Si/Al ratio (SAR) to elucidate the effect of 

chemical composition on BTEX adsorption. This parameter was proven to have a strong influence on 

BTEX adsorption, and the obtained results revealed that a compromise between SAR and 

hydrophobicity should be achieved to optimize BTEX adsorption. In this regard, the fluoride-

mediated synthesis of ZSM-5 zeolite employed appears to be an advantageous strategy compared to 

the traditional alkaline route since it allowed to obtain highly hydrophobic materials even with low 

SAR. 

Finally, the last section deals with the adsorption of formaldehyde and hexanal on the 

abovementioned materials (commercial adsorbents and zeolites) at realistic concentrations i.e. 164 

ppb. This type of studies is required to properly evaluate adsorbent performances since adsorption 

capacity at high concentrations has been demonstrated to be not always linearly correlated to the 

adsorption capacity at low concentrations. To our knowledge, it has been the only study performed 

at such very low concentrations. Our results and their comparison with the experimental data from 

the literature highlighted that surface chemistry is a determining factor on aldehydes adsorption. 

HKUST-1 exhibited the highest adsorption capacity towards formaldehyde and hexanal presumably 

due to the strong interaction of carbonyl functions with copper ions of the HKUST-1 structure. SBA-

16 and ZSM-5 zeolite showed a significant hexanal adsorption capacity whereas they were not very 

appropriate for formaldehyde capture. In fact, most of the materials investigated in this work were 

not very effective for formaldehyde capture because of its small size and high polarity.  

The results obtained within the framework of this thesis open new prospects concerning the 

development of portable analytical instruments. Our compact GC exhibited satisfactory performances 
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under laboratory conditions, however, it should be tested in real environments, for example, by 

conducting a field campaign similar to the one performed during this thesis. This campaign can help 

to determine the real performances of the instrument as well as identifying the potential problems 

derived from the detection of interfering substances, the detector drift or fluctuating temperature and 

relative humidity conditions. Prior to this field campaign, an automatization of the preconcentration 

step resulting in a pre-industrialized prototype is needed. The automatization of the preconcentration 

step should lead to the improvement of repeatability and reproducibility of the measurements to reach 

levels of performance that meets the standards established for compliant air quality monitoring. In 

addition, the automatization of the overall system enables the programming of sequences of analysis 

and BTEX monitoring can be performed over long times without the constant supervision of a 

technician.  

Undoubtedly, one of the main advantages of the preconcentrator developed in this work is its 

extremely low manufacturing cost (~tens of euros) which means that it can be easily placed on the 

market. Besides, this device can be filled with other adsorbents to capture different molecules and the 

separation column and the detector can be replaced or coupled to other sensors to enlarge the range 

of detected pollutants. In this regard, it is possible to think that the preconcentrator developed in this 

work can be rapidly adapted and used in many applications requiring very high sensitivity such as 

explosive and warfare agents detection, food industry or breath analysis. 
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Résumé (en français) 

Ce résumé rédigé en français est une brève présentation du contexte dans lequel ce travail a été réalisé 

et des résultats les plus significatifs obtenus pendant ce travail de thèse. Si le lecteur souhaite avoir 

une vision plus approfondie de certains aspects, il est fortement recommandé de lire la version 

complète rédigée en anglais. 

1. Introduction générale 

Depuis ces dernières années, la pollution de l’air est devenue un des plus grands enjeux de notre 

temps en raison de son augmentation constante et de ses effets néfastes sur la santé. En 2016, 

l’Organisation Mondiale de la Santé a estimé que plus de 91 % des habitants de la planète respirent 

un air pollué, ce qui entraîne environ 7 millions de décès prématurés chaque année [1]. 

En effet, nombreuses preuves scientifiques ont démontré le lien entre l'exposition à la pollution 

atmosphérique et le développement d'un grand nombre de pathologies telles que les maladies cardio-

vasculaires, le cancer du poumon, les maladies pulmonaires obstructives chroniques et les infections 

respiratoires [2]–[4]. De plus, la pollution de l'air a également un impact économique notable en raison 

de la détérioration de la santé publique, de la baisse de la productivité des employés et de la 

dégradation de l'environnement. À cet égard, des politiques environnementales sont mises en œuvre 

pour protéger à la fois la santé humaine et l'environnement. Cependant, pour évaluer correctement la 

qualité de l'air et proposer ainsi des actions pour l'améliorer, des données expérimentales s’avèrent 

nécessaires.  

a) La qualité de l’air intérieur 

Un rapport publié par l’Organisation mondiale de la santé (OMS) en 2017 a révélé que la pollution de 

l’air (intérieur ou atmosphérique) est responsable de 11,6% des décès à travers le monde et constitue 

l’une des principales causes de mortalité, loin devant les grandes maladies transmissibles (voir Figure 

1). Ce fort impact s’explique parce que l'Homme passe environ 85% de son temps dans des espaces 

clos [5] et que la concentration de polluants dans les environnements intérieurs est fréquemment de 2 
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à 10 fois plus élevée que celle des environnements extérieurs. Par conséquent, l’air intérieur constitue 

une voie majeure d’exposition à des nombreux polluants. 

 

Figure 1. Principaux causes de mortalité dans le monde enregistrées ces dernières années [6] 

Dans les espaces clos, un large éventail de polluants peut être présent tels que composés organiques 

volatiles (COV), semi-volatiles (COSV), oxydes d’azote, etc. Parmi ces polluants, les COV sont 

fréquemment rencontrés à des concentrations élevées dans l'air intérieur [15] - [17]. Ce groupe de 

molécules est défini par le Conseil Européen comme des composés ayant une pression de vapeur de 

0,01 kPa ou plus à 293 K. Les COV comprennent un large spectre de molécules caractérisées par des 

structures formées par des chaînes carbonées et, dans certains cas, d'autres atomes comme l'oxygène, 

le soufre ou l’azote. Le présent travail est focalisé sur l’analyse et l’élimination de certains COV, à 

savoir les BTEX (Benzène, Toluène, Ethylbenzène and Xylènes) et certains aldéhydes (formaldéhyde, 

hexanal) en raison de leurs abondances dans l’air intérieur [7], [8] et de leurs effets nocifs sur la santé. 

Les principales propriétés physico-chimiques des polluants étudiés sont présentées dans le Tableau 1. 

Dans l’air intérieur, les sources d'émission sont très nombreuses et diverses. D’une part, les activités 

des occupants comme la cuisine, le tabagisme, le ménage ou le bricolage [9], [10] constituent des 

sources majeures d’émission des BTEX et des aldéhydes. D’autre part, les matériaux de construction 

et de décoration comme les revêtements de sol, revêtements muraux, adhésifs, vernis ou peintures 

ainsi que l'ameublement sont également considérés comme d'autres sources importantes de COV dans 

l’air intérieur [11]–[13].  
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Tableau 1. Propriétés physico-chimiques des composés étudiés dans ce travail.  

 N° CAS 

Masse 

molaire 

 (g/mol) 

Point 

d’ébullition 

(°C) at 1 atm 

Pression de 

vapeur (kPa) à 

20°C 

Moment 

dipolaire (D)* 

Diamètre  

cinétique 

(nm) 

Benzene 71-43-2 78.11 80.1 10.00 0 0.585 

Toluene 108-88-3 92.14 110.6 2.90 0.375 0.585 

Ethylbenzene 100-41-4 106.17 136.0 1.00 0.59 0.60 

o-Xylene 95-47-6 106.16 144.4 0.93 0.64 0.68 

m-Xylene 108-38-3 106.16 139.0 1.20 0.35 0.68 

p-Xylene 106-42-3 106.16 138.4 1.20 0 0.585 

Formaldehyde 50-00-0 30.03 -19.4 101.32 2.33 0.25 

Hexanal 66-25-1 100.16 131.0 1.33 2.64 0.52 

La qualité de l’air dépend de la présence des sources d’émission mais aussi du taux de renouvellement 

de l’air. En effet, la ventilation joue un rôle clé sur les niveaux de polluants dans l’air intérieur. Une 

bonne ventilation peut permettre d’abaisser rapidement les concentrations de VOC présents en air 

intérieur [14], [15]. Par contre, si l’air extérieur est fortement pollué comme dans le cas d'une zone 

industrielle ou d’une zone de trafic intense, la ventilation peut contribuer à la dégradation de la qualité 

de l’air intérieur.  

Comme conséquence de la multitude de sources d’émission existantes, les BTEX et les aldéhydes sont 

très souvent retrouvés à des concentrations élevées dans les environnements clos. Une étude dans 22 

logements à Strasbourg a rapporté des concentrations maximales de formaldéhyde et d'hexanal 

variant entre 13,3-123,4 µg m-3 et 0-47,2 µg m-3, respectivement. Des niveaux plus élevés allant jusqu'à 

92 µg m-3 d'hexanal ont été signalés par Walgraeve et al. [16] dans une étude réalisée dans 6 foyers en 

Belgique. Dans cette étude, la concentration d'hydrocarbures aromatiques a atteint des concentrations 

de 88 µg m-3 correspondant à 25% de la concentration totale de COV. Des niveaux significatifs des 

BTEX, de l'hexanal et du formaldéhyde ont également été détectés dans différents environnements à 

travers le monde, tels que les écoles [17]–[19], les universités [20], [21], les cafés ou les maisons 

d'agriculteurs [22]. Ces résultats ont montré que quels que soient le pays et le type d'environnement 

considérés, les COV sont toujours présents.  
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b) Effets sur la santé et législation 

Au cours des dernières décennies, de nombreuses études ont été menées pour élucider les effets sur 

la santé causés par la pollution atmosphérique. De plus en plus de preuves scientifiques ont démontré 

la relation entre l'exposition aux polluants atmosphériques et les effets nocifs sur la santé humaine 

[33] comme les maux de tête, l'irritation des yeux et du nez ou le développement de pathologies telles 

que l'asthme [34], les allergies [35] ou même le cancer [36]. Ces effets dépendent du polluant, de sa 

concentration et du temps d'exposition. De plus, il est difficile d'évaluer les risques liés à la pollution 

de l'air car l'air extérieur et intérieur contiennent un mélange de polluants divers pouvant provoquer 

un effet synergique souvent appelé « effet cocktail ». Différents polluants peuvent en effet interagir 

les uns avec les autres, renforçant les effets néfastes que la somme des effets produits par chaque 

polluant unique. En outre, les effets sur la santé sont influencés par de nombreux facteurs tels que le 

sexe ou l'âge, les plus vulnérables étant les enfants, les femmes et les personnes âgées [37]. La présence 

de maladies cardiovasculaires ou respiratoires peut aggraver les effets néfastes de la pollution 

atmosphérique.  

Parmi les composés étudiés dans ce travail, le benzène est considéré comme un de plus dangereux car 

il est classé cancérogène pour l'homme (Groupe 1) par le CIRC (Centre International de Recherche sur 

le Cancer). Pour ce type de composés, il n'y a pas de niveau d'exposition sûr, par conséquent, seule 

une estimation du risque associé à différentes concentrations peut être fournie. 

Une fois le benzène absorbé dans le corps humain, il est transformé en substances qui sont 

extrêmement toxiques tels que le phénol, le catéchol et l'hydroquinone qui sont directement liées au 

développement de cancers [39]. 

Les autres composés aromatiques sur lesquels ce travail se focalise, sont classés comme probablement 

cancérogène (éthylbenzène) et non cancérogène (toluène et xylènes) pour l'homme. L’exposition 

courte à ces composés généralement entraîne l'irritation des yeux, du nez, de la gorge et des voies 

respiratoires [23]. Des effets plus graves tels que des lésions du système nerveux central et des reins, 

des vertiges, des étourdissements [24] où des effets sur la mémoire à court terme [25] sont associés à 

des expositions de long durée à ces polluants. 

Le formaldéhyde attire de plus en plus l'attention en raison de sa présence fréquente dans l'air 

intérieur. Cette substance est considérée comme cancérigène (Groupe 1) par le CIRC depuis 2006. En 

particulier, le formaldéhyde a été associé au développement d'un cancer du nasopharynx [26], [27]. 
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Une exposition de courte durée au formaldéhyde peut provoquer une irritation de la gorge, du nez et 

des yeux ainsi que des maux de tête. Des effets plus graves tels qu'une diminution de la fonction 

pulmonaire, le larmoiement, la pneumonie et l'asthme ont été associés à une exposition à long terme 

au formaldéhyde [28]. 

Comme conséquence des effets néfastes de l'exposition à la pollution atmosphérique sur la santé 

humaine, une législation détaillée concernant la qualité de l'air a été élaborée dans plusieurs pays pour 

limiter l'exposition humaine et protéger la santé publique. Dans l’Union Européenne, la législation 

établie qu’un seuil de 100 µg m-3 pour le formaldéhyde ne doit être dépassé à aucun intervalle de 30 

minutes au cours d'une journée [29]. Concernant le benzène, une valeur seuil de 5 µg m-3 a été établie 

pour une exposition à long terme (1 an) [30]. En France, la législation relative à la qualité de l'air 

intérieur des bâtiments publics est devenue plus stricte. Selon le décret no. 2011-1727 du 2 décembre 

2011 [31], une valeur limite de 5 µg m-3 d'exposition à long terme a été fixée pour le benzène à partir 

du 1er janvier 2013 et elle a été réduite à 2 µg m-3 à partir du 1er janvier 2016. Dans le cas de 

formaldéhyde, une valeur limite de 30 µg m-3 a été fixée pour une exposition à long terme à partir du 

1er janvier 2015 et elle sera réduite à 10 µg m-3 à partir du 1er janvier 2023. 

c) Objectifs de ce travail 

Le présent travail de recherche doctorale poursuit le travail effectué par Rouba Nasreddine [32] au 

cours de sa thèse focalisée sur le développement d'un GC portable pour la détection de BTEX dans 

l’air dont le schéma de fonctionnement est présenté sur la Figure 2a. Au cours de sa thèse, un premier 

prototype développé au laboratoire (Figure 2b) avait été déjà validé dans des conditions contrôlées 

[33] ainsi que dans des environnements réels [34]. En résumé, dans cet instrument, l’analyse des BTEX 

est effectuée en trois étapes : l’échantillonnage dans une boucle à l’aide d’une micropompe, la 

séparation des différents composés dans une colonne capillaire de chromatographie et la 

quantification au moyen d’un détecteur à photo-ionisation (PID) miniaturisé. 
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Figure 2. Schéma de fonctionnement du GC portable utilisé au cours de cette thèse (a), prototype de GC développé au 

laboratoire (b) et prototype de GC pré-industriel (c) 

À la fin de sa thèse, un prototype pré-industriel du GC portable a été fabriqué (Figure 2c). Partant de 

ce point, les principaux objectifs du présent travail sont : 

- L’évaluation des performances analytiques du prototype GC pré-industriel développé par 

Nasreddine et al. [33] en conditions réelles dans une campagne de terrain ainsi que la 

détermination des concentrations de BTEX et l’identification des principales sources dans l'air 

intérieur des écoles primaires. 

- Le design, la conception et la fabrication d'un préconcentrateur BTEX afin d’être intégré dans 

le prototype GC développé et ainsi diminuer la limite de détection pour le benzène à une 

valeur inférieure à la valeur seuil fixée par le gouvernement français, soit 2 µg m-3 (0,6 ppb). 

Le prototype final devra conserver des caractéristiques similaires en termes de résolution 

temporelle ainsi que de consommation de gaz vecteur et d'énergie.  

- Fournir des données expérimentales d'adsorption de COV sur différents matériaux à des 

concentrations réalistes (faible ppm - ppb). Évaluation de ces matériaux pour des applications 

d'analyse de gaz et d'élimination de polluants. 
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Ces trois objectifs principaux représentent les trois grandes parties de ce travail de thèse. La première 

partie présente les résultats obtenus dans une campagne de terrain sur la qualité de l'air intérieur 

menée dans deux écoles primaires françaises pendant 5 semaines. La deuxième partie porte sur le 

développement des différents prototypes de préconcentrateurs et sa caractérisation en termes de 

performances de chauffage et de préconcentration de BTEX. La troisième partie de ce travail est dédiée 

à l’étude de l’adsorption des BTEX, du formaldéhyde et de l'hexanal sur différents matériaux et 

l'influence des différentes propriétés texturales et chimiques sur l'adsorption de ces composés. A la 

fin de ce résumé, les conclusions générales et perspectives futures de ce travail sont présentées. 

2. Campagne de mesure des BTEX dans deux écoles primaires à La Rochelle 

Les polluants de l’air intérieur comme les BTEX ont des effets néfastes sur la santé humaine. Ces effets 

sont encore plus graves pour les enfants en raison de leur taux d'inhalation plus élevé, du 

développement continu de leurs tissus et organes et de leur système immunitaire immature [35]. De 

plus, les enfants passent beaucoup de temps à l'intérieur où les niveaux de polluants sont 

généralement de 2 à 10 fois plus élevés qu'à l'extérieur. Daisey et al. [36] ont ainsi rapporté que près 

de 30% du temps à l'intérieur est passé à l'école. Dans ce contexte, le projet Impact’Air visait à 

quantifier les profils concentrations-temps afin de mieux caractériser la pollution de l’air intérieur des 

écoles et de fournir des recommandations utiles pour améliorer leur qualité de l’air. Dans le cadre de 

ce projet, une campagne de terrain a été menée dans une école maternelle et deux écoles primaires de 

La Rochelle (France) pendant cinq semaines. Les principaux objectifs de ce projet étaient : 

- Surveiller les polluants de l'air intérieur réglementés en France (formaldéhyde, benzène et 

CO2) ; 

- Identifier les principales sources d'émission de ces polluants ; 

- Estimer l'efficacité de différents scénarios de ventilation sur la Qualité de l’Air Intérieur 

(QAI) ; 

- Etablir de lignes directrices générales pour les bonnes pratiques en matière de QAI dans les 

écoles. 

Bien que le formaldéhyde et le benzène soient les seuls COV réglementés, le toluène, l'éthylbenzène 

et les xylènes ont également été surveillés car l'exposition continue des enfants à ces polluants peut 

entraîner des problèmes de santé et une gêne physique [3]. De plus, la concentration de CO2 a été 
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mesurée en continu car c’est un indicateur de confinement et donc de la ventilation à l'intérieur du 

bâtiment. 

Afin d'identifier les principales sources de pollution et l'efficacité des différents scénarios de 

ventilation, des mesures de la qualité de l'air ont été réalisées dans différentes conditions chaque 

semaine. Au cours de la première semaine, les salles de classe étudiées étaient toujours fermées, non 

ventilées et occupées ni par les élèves ni par les enseignants (Figure 3a). Ainsi, la contribution des 

matériaux de construction à la pollution de l'air intérieur pourrait être estimée. Au début de la 

deuxième semaine, le mobilier a été ajouté et les salles de classe sont restées fermées pendant toute la 

semaine (Figure 3b). Ce scénario a permis de quantifier la pollution supplémentaire potentiellement 

émise par le mobilier. Enfin, au cours des trois dernières semaines, des activités scolaires normales 

ont été réalisées dans les salles de classe et différentes pratiques de ventilation ont été effectuées 

chaque semaine (Figure 3c). 

Pendant une semaine, la ventilation habituelle a été suivie, où aucune instruction spécifique n'a été 

donnée aux enseignants, ils ont donc suivi ses critères subjectifs de ventilation. Ensuite, pendant une 

autre semaine, la ventilation était réalisée en fonction du niveau de CO2 atteint dans la pièce. Ce niveau 

étant mesuré par un détecteur de CO2 LUM’Air qui est équipé de trois LED différentes (verte, orange 

et rouge), qui s'allument en fonction de la concentration en CO2. Pour des atmosphères qui ne sont 

pas confinées (concentration de CO2 < 1000 ppm), la LED est verte. Lorsque les niveaux sont 

supérieurs à 1000 ppm (premier seuil d'alerte), la lumière est commutée à l'orange indiquant que les 

fenêtres et / ou les portes doivent être ouvertes. Si la concentration dépasse 1700 ppm (deuxième seuil 

d'alerte), la lumière passe au rouge et les fenêtres et / ou portes doivent être ouvrir rapidement afin 

de renouveler l'air intérieur. 

Enfin, pendant une autre semaine, les enseignants ont suivi les consignes de ventilation données par 

l'Observatoire Français de la Qualité de l'Air Intérieur. Selon ces dernières instructions, les fenêtres 

ont été ouverts en moyenne 30 minutes dans les cas suivants : avant et après les cours, toutes les 2 h 

de cours, et après les opérations de nettoyage. Ainsi, toutes les portes de la classe sont restées ouvert 

la nuit.  

Dans ce résumé, uniquement les résultats les plus significatives obtenus pendant cette campagne sont 

présentés.  De plus amples détails sont donnés dans  la publication « BTEX near real-time monitoring 
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in two primary schools in La Rochelle, France » [37] où tous les résultats obtenus pendant les cinq 

semaines de mesure en continu sont présentés.  

Au cours de cette campagne de terrain, le benzène n'était présent que pendant les semaines 

d’occupation dans l’école Les Grandes Varennes indiquant que les matériaux de construction des 

bâtiments et le mobilier scolaire ne constituent pas une émission source de benzène. Par contre, cette 

école est proche de l'aéroport de La Rochelle et d'une route à voies avec un intense trafic, ce qui peut 

entraîner des concentrations élevées de COV dans la région, comme suggéré dans d'autres études 

[38]–[40]. Dans cette école, la plupart du temps, la concentration de benzène était inférieure à notre 

limite de détection de 1,1 ppb mais présentait parfois des pics à des périodes spécifiques. Par exemple, 

la Figure 3d illustre la concentration de benzène et de CO2 mesurées à l'intérieur de la salle pendant 

la cinquième semaine. Le 15 mars, un pic de benzène atteignant presque 5 ppb peuvent être clairement 

identifiés pendant la nuit. Des valeurs jusqu'à 6 ppb ont également été enregistrées les 16 et 17 mars 

2016 vers midi. La comparaison des concentrations de benzène et des niveaux de CO2 montre qu'ils 

ne sont pas corrélés. En effet, le pic principal de la concentration de benzène a été enregistrée le 15 

mars, lorsque le CO2 le niveau a diminué, indiquant l'ouverture d’une ou plusieurs fenêtres. Le 

benzène a ensuite disparu, lorsque la concentration de CO2 a commencé à augmenter, une fois les 

fenêtres fermées. Cette observation indique que la principale source d'émission du benzène n’était pas 

liée aux activités des élèves, mais était plus probablement attribuables aux travaux de rénovation de 

la chaussée avec du goudron à proximité de cette école à la même période.  

D’autre part, les concentrations de toluène mesurées montrent un comportement complètement 

différent. Des concentrations faibles (0-3.2 ppb) ont été détectées pendant les 2 premières semaines 

dans l’école des Grandes Varennes indiquant que le mobilier constitue une source d’émission de 

toluène. Lorsque les occupants étaient présents (semaines 3 à 5), le toluène était présent dans les deux 

écoles et sa concentration variait respectivement de 0 à 29,5 ppb et de 0 à 3,5 ppb dans les écoles Les 

Grandes Varennes et Lavoisier. Les concentrations de toluène et de CO2 mesurées dans Les Grandes 

Varennes au cours de la cinquième semaine sont présentés sur la Figure 3e. Contrairement aux 

résultats obtenus pour le benzène, cette figure montre que les niveaux de benzène et de CO2 mesurés 

à l'intérieur de la salle étudiée étaient fortement corrélés. En effet, la concentration en toluène était 

faible (2 à 4 ppb) ou nulle lorsque les niveaux de CO2 étaient d'environ 1000 ppm. Des concentrations 

plus élevées de toluène ont été enregistrés (8–17,6 ppb), lorsque les niveaux de CO2 ont été supérieures 

à 1500 ppm. La diminution du niveau de CO2 de 3500 ppm à moins de 1000 ppm indique que l'air à 
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l'intérieur de la salle a été renouvelé, soit par l'ouverture de fenêtres et / ou des portes. Afin de 

déterminer plus précisément l’origine de la source d’émission de toluène, les concentrations de 

toluène mesurées pendant les semaines 3 à 5 ont été comparées (Figure 3f). Cette figure met en 

évidence des pics de pollution répétitifs plus ou moins à la même heure (vers midi) du lundi au 

vendredi. Cette corrélation évidente tend à prouver que les émissions de toluène sont liées aux 

activités « artistiques » (dessins, peinture, bricolage) des enfants  qui s’accompagnent de l'utilisation 

de colle et de peintures comme cela a été remarqué dans d'autres études antérieures [41], [42]. 

 

Figure 3. Les trois scenarios étudiés pendant la campagne de terrain : salle de cours vide (a), salle de cours avec le mobilier 

(b) et salle de cours pendant l’activité courante de l’école (c). Concentrations de benzène (d) et toluène (e) et CO2 mesurées 

pendant la cinquième semaine à l’école des Grandes Varennes. Comparaison des concentrations de toluène mesurées à 

l’école des Grandes Varennes pendant la troisième, quatrième et cinquième semaines (f).  

En conclusion, les mesures en temps quasi réel effectuées avec des prototypes de l’analyseur de BTEX 

ont permis de suivre finement les variations temporelles des concentrations de BTEX au cours des 5 
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semaines. Les niveaux de CO2 ont été également mesurés en continu et ont été utilisés comme 

indicateur de confinement et ventilation. La comparaison entre les concentrations de CO2 et de BTEX 

nous a permis d'identifier l'origine de leur principale source d'émission, qu'elle soit interne ou externe. 

Tous les BTEX étaient présents dans les classes étudiées à différents niveaux sauf dans l’école 

maternelle, où tous les niveaux de BTEX étaient inférieurs aux limites de détection de l'instrument 

analytique. Parmi les BTEX, le toluène était le composé le plus abondant dans les deux écoles. Sa 

concentration était fortement corrélée à la concentration de CO2, ce qui suggère que la principale 

source d'émission était interne. De plus, des pics de pollution répétitifs ont été observés aux mêmes 

horaires au cours des trois dernières semaines, indiquant que ces niveaux élevés étaient certainement 

liés aux activités des enfants. 

Cette étude met en évidence l'importance des mesures en temps quasi réel par rapport à 

l'échantillonnage passif traditionnel. En effet, ce type de mesures offre une haute résolution 

temporelle permettant de déterminer les périodes spécifiques où se produit une augmentation des 

concentrations de BTEX ainsi que d'identifier les sources potentielles de pollution. En outre, il a été 

démontré que la comparaison et les corrélations des concentrations de BTEX et de CO2 constitue une 

méthode très utile pour déterminer l'origine de telles sources. 

Pour conclure, nos prototypes de l’analyseur portable de BTEX a montré sa capacité à mesurer les 

concentrations de BTEX en continu sur de longues périodes et à enregistrer de petites variations de 

concentrations liées aux activités des enfants ou à la ventilation, ce qui n'est pas possible avec les 

méthodes classiques d'échantillonnage passif. Néanmoins, il est à noter que pendant une grande 

partie de la campagne, les concentrations de BTEX étaient inférieures à la limite de détection de 

l’instrument mais elles étaient probablement plus élevées que la limite fixée par la nouvelle 

réglementation française (0.6 ppb). C’est pourquoi une amélioration de la sensibilité du prototype de 

GC portable s’avère nécessaire. À cet égard, le développement et l'intégration d'une unité de 

préconcentration afin d’améliorer la sensibilité de l’instrument ont été réalisés au cours de ce travail 

de thèse et ils sont présentés dans la partie suivante. 

3. Développement d’un préconcentrateur pour l’analyse des BTEX 

L'un des principaux objectifs de ce travail de recherche était le développement d'un préconcentrateur 

pour améliorer la sensibilité de l’analyseur de BTEX présenté précédemment et atteindre une limite 

de détection inférieure à 0,6 ppb pour le benzène, afin de répondre à la nouvelle législation française 
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relative à la QAI des bâtiments publics. De plus, il s’agit de conserver des caractéristiques similaires à 

l’instrument actuel concernant le temps d’analyse (actuellement de 10 minutes) et la consommation 

énergétique afin de permettre le fonctionnement de l’appareil sur batterie.  

Le principe de fonctionnement de cette nouvelle version de l’analyseur de BTEX intégrant une étape 

de préconcentration est illustré sur la Figure 4a. Dans cette version, la boucle d’échantillonnage est 

remplacée par un préconcentrateur. Ainsi, un volume d’air est prélevé à l’aide d’une micropompe 

couplé à un régulateur de débit massique et l’échantillon passe à travers le préconcentrateur qui est 

rempli avec un adsorbant spécifique pour piéger les BTEX. Une fois les BTEX piégés, la vanne 6 voies 

bascule et le préconcentrateur est chauffé rapidement jusqu’à une température de 200 - 330 °C en 1 

minute ou moins. Cette brusque montée en température entraîne la désorption flash des molécules de 

BTEX et leur injection dans la colonne chromatographique. Ces molécules sont ainsi désorbées dans 

un volume beaucoup plus petit, augmentant ainsi la concentration des analytes dans l'échantillon 

avant l'analyse. Après la désorption, la vanne 6 voies retourne à sa position initiale. La séparation et 

la détection sont quant à elles similaires à celles du microanalyseur sans étape de préconcentration. 

L’efficacité de l’étape de préconcentration va dépendre, en grand partie, de la vitesse de la montée en 

température. Ainsi, plus rapide sera l’augmentation de température, plus petit sera le volume dans 

lequel les molécules seront désorbées et, par conséquence, plus élevée sera leur concentration au sein 

de l’échantillon. En outre, une montée en température lente entraîne une désorption échelonnée des 

molécules ce qui provoque l’élargissement de pics chromatographiques et, dans certains cas, leur 

coélution.  

 

Figure 4. a) Schéma de fonctionnement de l’analyseur de BTEX avec l’étape de préconcentration et b) version commercial (µ-

BTEX-1, In’Air Solutions) utilisé pour l’intégration du préconcentrateur 
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Au cours de ce travail, plusieurs versions de préconcentrateur ont été développées (Figure 5) et testées 

en utilisant l’instrument presenté sur la Figure 4. Le premier prototype, nommé MAP [43], était 

fonctionnel mais sa masse thermique élevée impliquait une montée en température relativement lente 

(150 °C dans 1 min) associée de plus à une consommation énergétique très élevée (210 W) ce qui 

empêchait son utilisation dans un analyseur portable. Afin de réduire la masse thermique du 

dispositif, des nouvelles versions de préconcentrateur ont été fabriquées (voir Figure 5), la première 

d’entre-elles en utilisant des techniques de microfabrication.  

 

Figure 5. Différentes versions du préconcentrateur de BTEX développés au cours de ce travail de thèse. Masses 

thermiques avec connecteurs (rouge) et sans connecteurs (bleu). 

L’utilisation de ces techniques a permis de fabriquer un dispositif miniaturisé, nommé MEMS, avec 

un système de chauffage intégré puissant et peu consommateur. Ce dispositif pesait 0,86 g, ce qui a 

entraîné non seulement une réduction de la consommation d'énergie (24 W), mais également une 

rampe de température beaucoup plus rapide qui permettait d’atteindre 220 °C en 10 s. Cette 

conception répond parfaitement aux objectifs fixés, néanmoins, ce dispositif n’étais pas suffisamment 

robuste. C’est pourquoi, malheureusement, certaines des puces se sont fissurées pendant l’étape de 

fabrication et des autres après plusiseurs cycles de chauffage-refroidissement. En effet, la différence 

de dilatation thermique de la résine SU-8 et du verre qui constituent la structure du dispositif a 

provoqué la fissuration du verre lorsque la température a changé rapidement et cette version n'a donc 

pas pu être opérationnelle.  

En raison des inconvénients du processus de microfabrication concernant ses coûts, le délai de 

livraison, la complexité de la conception ainsi que les problèmes résultant de l'intégration de ces 

microdispositifs dans l'ensemble du système, il a été décidé de simplifier la conception ainsi que de 

réduire les coûts de fabrication en utilisant techniques disponibles dans notre laboratoire. Par 

conséquent, la plupart des pièces de ce nouveau prototype, nommé MAPP, ont été fabriquées à 

l'ICPEES en utilisant le micro-fraisage et l'impression 3D. 
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Ce dispositif a montré sa capacité pour la préconcentration de BTEX mais, malheureusement, la rampe 

de température atteinte était insuffisante en raison de sa masse thermique élevée ce qui a donné lieu 

à la coélution des pics de l’éthylbenzène et les xylènes. En outre, après certains cycles d'adsorption-

désorption, les parties en plastique de la structure (y compris celles en PEEK) ont commencé à être 

endommagées ce qui a généré des fuites et, par conséquent, l’inopérance du dispositif. Afin de réduire 

considérablement la masse thermique du préconcentrateur en maintenant un coût abordable et avec 

une bonne robustesse, la version µAP1 a été conçue.  

Cette version était formée par un tube de cuivre de 1/8 ”inséré dans un cube en aluminium percé en 

1/8 ” et avec un système chauffant composé des deux résistances en céramique. Cette configuration 

permettait d’atteindre 250°C en 62 s avec une consommation énergétique de seulement 80 W. Bien 

que le système chauffant était plus performant que celui de la version précédente, la coélution des 

pics de l’éthylbenzène et les xylènes était encore observée. En effet, la conception en deux parties 

indépendantes a entraîné un mauvais transfert de chaleur. C’est pourquoi, une version PC monobloc 

a été cette fois imaginée pour intégrer la partie cylindrique dans le cube (voir Figure 6a). De cette 

façon, toute la structure était en aluminium et le transfert de chaleur entre la résistance à la chaleur et 

le lit d'adsorbant était considérablement amélioré. Comme on peut le constater sur la Figure 6b, 330 ° 

C ont été atteints en 68 s démontrant une amélioration considérable de la vitesse de la montée en 

température. A titre d’exemple, un chromatogramme d'un échantillon de 50 mL à une concentration 

de BTEX égale à 20 ppb  est présenté sur la figure Figure 6c. Les pics BTEX y sont très bien définis et 

il n’y a pas de coélution entre l’éthylbenzène et les xylènes. 

 

Figure 6. Design 3D du préconcentrateur µAP2 (a). Performance du système de chauffage et refroidissement (b). Exemple 

d’un chromatogramme d’un échantillon de BTEX obtenu avec le prototype du GC intégrant le µAP2 (V échantillon = 50 

mL, CBTEX = 20 ppb, température de désorption= 330 °C, temps d’injection = 75 s) 
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Afin de quantifier l’amélioration dans la sensibilité du GC dû à l’intégration de l’étape de 

préconcentration, une calibration du système a été réalisé en injectant une série de triplicat 

d'échantillons de 20 mL, prélevé pendant 4 min à 5 mL/min, de différentes concentrations allant de 2 

à 50 ppb. Les aires moyennes des pics des échantillons analysés ont été tracées en fonction de la 

concentration injectée et les équations des courbes d'étalonnage résultantes sont présentées dans le 

Tableau 2.  

Dans tous les cas sauf l’éthylbenzène, les coefficients de détermination obtenues sont supérieurs à 0,99 

ce qui montre que les aires des pics augmentent parfaitement linéairement avec la concentration 

injectée, validant de fait le fonctionnement de ce préconcentrateur. 

Les limites de détection (LDD) et de quantification (LDQ) de l’analyseur ont été calculées à partir d'un 

rapport signal / bruit de 3 et 10, respectivement, à partir de la plus faible concentration injectée, soit 2 

ppb. Les limites de détection sont de l'ordre de centaines de ppt avec seulement 20 mL d'échantillon 

prélevé pour tous les composés, tandis que les limites de quantification dépassaient le ppb dans le cas 

de l'éthylbenzène et des xylènes (voir le Tableau 2). Il est important de noter que cette remarquable 

sensibilité répond désormais aux exigences de la législation française sur la qualité de l'air intérieur 

qui établit une valeur seuil de benzène de 0,6 ppb dans les bâtiments publics. 

Tableau 2. Performances obtenues avec le prototype de l’analyseur de BTEX intégrant le µAP2  

Composé Équation de calibration R2 LDD (ppb) LDQ (ppb) 

Benzene y = 9618.8 x 0.9940 0.057 0.191 
Toluene y = 3761.5 x 0.9930 0.150 0.499 

Ethylbenzene y = 1828.7 x 0.9891 0.368 1.226 
m/p Xylenes y = 1776.2 x 0.9974 0.396 1.319 

o-Xylene y = 1403.7 x 0.9941 0.418 1.393 

Comme tout appareil d'analyse, la répétabilité et la reproductibilité de l’analyseur doivent être 

évaluées pour garantir des résultats fiables à long terme. Pour évaluer la répétabilité, sept échantillons 

de 20 mL contenant 20 ppb de BTEX ont été analysés consécutivement le même jour en utilisant les 

mêmes conditions expérimentales (température de désorption = 330 ° C, temps d'injection = 75 s). 

Entre deux échantillons consécutifs, une étape de nettoyage a été réalisée. Les aires de pic et le temps 
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de rétention obtenus sont présentés dans la Figure 7a et b, respectivement. Une légère variabilité a été 

observée en termes d’intensité de pics :  l'écart type relatif (% RSD) de l'aire de pic a été calculé à 4,9, 

3,7, 4,3, 8,0 et 5,6% pour respectivement le benzène, le toluène, l'éthylbenzène, le m / p - xylènes et l'o-

xylène. Ces valeurs inférieures à 10% pour tous les composés démontrent que les analyses effectuées 

avec le prototype de l’analyseur intégrant le préconcentrateur µAP2 étaient hautement reproductibles 

même en mode d'injection manuelle. Le % RSD correspondant au temps de rétention a également été 

calculé, étant égal à 0,1% pour tous les analytes, ce qui montre l’excellente répétabilité en termes de 

temps de rétention. Dans cette version de l’analyseur de BTEX intégrant le µAP2, l'injection 

d'échantillons et l'acquisition de données ont été automatisées ; par conséquent, bien que le temps 

d'échantillonnage ait été contrôlé manuellement, les résultats obtenus étaient très satisfaisants au 

niveau de la répétabilité des mesures. 

Ensuite, la reproductibilité a été évaluée selon la méthode suivante : trois échantillons de 20 mL 

contenant 20 ppb de chacun des BTEX ont été analysés consécutivement sur trois jours différents. La 

Figure 7c et d montrent respectivement les résultats obtenus pour les aires de pic et le temps de 

rétention de chaque échantillon.  

Les aires des pic obtenues sur trois jours différents étaient comparables et le % RSD était calculée étant 

égale à 3,2, 10,1, 21,8, 13,8, 13,9% pour respectivement le benzène, le toluène, l'éthylbenzène, le m / p 

- xylènes et l'o-xylène. La variation obtenue dans ce cas était évidemment supérieure à celle obtenue 

pour l'analyse effectuée en une seule journée ; cependant, toutes les % RSD, étaient inférieures à 15%, 

sauf celle de l'éthylbenzène, ce qui peut être considéré comme satisfaisant en termes de 

reproductibilité. Un % RSD plus élevée a également été observée pour le temps de rétention par 

rapport au test précédent, soit respectivement 1,0, 0,7, 0,5, 0,5 et 0,4% pour le benzène, le toluène, 

l'éthylbenzène, le m / p - xylènes et l'o-xylène. Malgré cette légère augmentation, la variation observée 

dans les temps de rétention était minime et les valeurs peuvent être considérées comme hautement 

reproductibles dans le temps. Les résultats obtenus dans les tests de répétabilité et de reproductibilité 

mettent en évidence la stabilité des mesures réalisées avec ce prototype dans le temps, même avec des 

concentrations de BTEX relativement faibles comme 20 ppb. 
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Figure 7. Résultats des tests de répétabilité obtenus pour 7 échantillons de BTEX analysés consécutivement le même jour : 

(a) aires de pic et (b) temps de rétention. Résultats des tests de reproductibilité obtenus pour 3 échantillons de BTEX 

analysés sur trois jours différents : (c) aires de pic et (d) temps de rétention. V = 20 mL, C = 20 ppb, température de 

désorption = 330 ° C, temps d'injection = 75 s. Les barres d'erreur verticales représentent l'écart type des triplicats. 

Ce dispositif a été comparé avec les GC miniaturisés intégrant un préconcentrateur pour la 

quantification des COVs les plus significatives de la littérature au cours de la dernière décennie. La 

plupart de ces appareils sont très portables (poids < 5 kg) et ont des dimensions relativement petites, 

ce qui les adaptent aux mesures sur site; cependant, leur sensibilité est en général de l’ordre de la ppb. 

Jusqu'à ce travail, seuls trois instruments avaient une LDD de l’ordre de la ppt. Zampolli et al. [44] ont 

proposé un GC-PID miniaturisé avec un PC rempli d'un adsorbant innovant à base de quinoxaline. 

Une LDD jusqu'à 0,1 ppb pour le benzène a été atteinte ; cependant, 55 min d'échantillonnage étaient 

nécessaires pour échantillonner les 2750 ml requis pour atteindre une telle sensibilité. Cette durée 

d’échantillonnage étant chronophage, elle ne permet pas d'établir des profils de concentration à haute 

résolution qui permettraient de déterminer l'exposition professionnelle ou d’identifier les sources de 

polluants [37]. Skog et al. [45] ont utilisé un temps d'échantillonnage plus court de 20 minutes pour 

collecter un échantillon de 4 L et atteindre une LDD de 2 à 11 ppt pour BTEX. Sun et al. [46] ont 
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rapporté une LDD inférieure à 1 ppb avec un temps d'échantillonnage de seulement 1 min mais le 

volume d'échantillon utilisé n'a pas été mentionné. Étant donné que la LDD dépend fortement du 

volume de l'échantillon, la sensibilité de chaque système a été calculée comme la masse d'analyte 

détectable la plus faible pour une meilleure comparaison.  

Pour calculer la sensibilité, la LDD la plus basse atteinte pour chaque méthode a été multipliée par le 

volume d'échantillon. Par exemple, dans notre cas, le benzène LDD (0,18 µg m-3 à P = 1 atm et T = 25 

° C) a été multiplié par le volume d'échantillon (2⨯10-5 m3), donnant une sensibilité égale à 3,6 pg. À 

notre connaissance, le système analytique développé dans ce travail a montré la sensibilité la plus 

élevée rapportée à ce jour pour l'analyse BTEX présentée par un GC portable. Cet instrument a atteint 

une LDD de 0,06 à 0,4 ppb (0,18 - 1,82 µg m-3 à P = 1 atm et T = 25 ° C) en utilisant un volume 

d'échantillon de seulement 20 ml (2⨯10-5 m3). Cela signifie que la quantité détectable la plus faible 

avec ce GC compact était de 3,6, 11,3, 32,0, 34,4 et 36,3 pg pour le benzène, le toluène, l'éthylbenzène, 

les m / p-xylènes et l'o-xylène, respectivement. 

A titre d’exemple, le GC portable développé par Zampolli et al. [44] avait une faible LDD pour le 

benzène de 0,1 ppb (0,32 µg m-3 à P = 1 atm et T = 25 ° C) mais il nécessitait un grand volume 

d'échantillon de 2750 mL (2,75 à 10-3 m3) résultant une sensibilité de 878,5 pg pour ce composé. Une 

limite de détection inférieure a été trouvée avec le GC compact développé par Skog et al. [45] où une 

LDD du benzène de 0,01 ppb (0,03 µg m-3 à P = 1 atm et T = 25 ° C) a été atteint avec un échantillon de 

4 L (4⨯10-3 m3) donnant une sensibilité de 140,6 pg. Par conséquent, la sensibilité obtenue avec le GC 

portable développé dans ce travail différait de 2 à 3 ordres de grandeur par rapport à la plupart des 

valeurs rapportées dans la littérature, même celles rapportant des limites de détection très faibles. 

Pour l'analyse du BTEX, seule la première version de préconcentrateur (MAP) développée dans ce 

travail a donné des résultats similaires [43]. Malgré la sensibilité exceptionnelle pour le benzène de 6,4 

pg obtenue avec le MAP, cette nouvelle version a permis d’améliorer cette performance dans un 

rapport de 1,8. Dans la littérature, uniquement Han et al. [47] ont rapporté une sensibilité comparable 

pour l'analyse de l'isoprène en utilisant un préconcentrateur développé au laboratoire couplé à un 

GC. Cependant, cette sensibilité ne correspond pas à un GC portable puisque le préconcentrateur 

développé dans ce cas était connecté à un GC-FID de paillasse. Ces résultats suggèrent que les 

performances obtenues par notre prototype en termes de sensibilité sont proches de celles 

généralement présentées par les instruments de paillasse. 
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En conclusion, plusieurs versions d’un préconcentrateur de BTEX ont été développées et testées au 

cours de ce travail de thèse. Le premier prototype, nommé MAP, était fonctionnel mais avec un 

inconvénient majeur liée à sa consommation d'énergie, qui empêche son utilisation dans un analyseur 

portable. À cet égard, plusieurs améliorations ont été proposées en changeant les matériaux utilisés 

dans la fabrication, l'adsorbant et le type de système de chauffage. Cependant, la plupart de ces 

dispositifs n'étaient pas entièrement fonctionnels et ne pouvaient pas être industrialisés, à l'exception 

du dernier, appelé µAP2. Cet appareil a été testé dans des conditions contrôlées, démontrant qu'il 

répond aux exigences établies dans les objectifs de ce projet en termes de : 

- Sensibilité : la limite de quantification du benzène atteinte (0,191 ppb) avec un échantillon d'air 

de seulement 20 mL est inférieure à la valeur seuil établie dans la récente législation française 

concernant la qualité de l'air intérieur (0,6 ppb) ; 

- Consommation énergétique : la consommation d'énergie supplémentaire de ~ 70 W nécessaire 

sur une très courte durée estimée à 70 s (temps nécessaire pour atteindre la température de 

désorption) associée à l'étape de préconcentration est compatible avec un système d'analyse 

portable ; 

- Temps d'analyse : l'ajout d'une étape de préconcentration n'a pas sensiblement augmenté le 

temps total d'analyse, permettant une surveillance BTEX en temps quasi réel.  

De plus, contrairement à d'autres analyseurs de BTEX portables trouvés dans la littérature, le 

prototype développé dans ce travail a été évalué en termes de répétabilité et de reproductibilité. Le % 

RSD relativement faibles (<10% et <15%, respectivement) obtenues dans ces deux tests indiquent que 

les mesures effectuées sont stables dans le temps. Cette stabilité, la sensibilité remarquable et le temps 

d'analyse acceptable font de ce nouveau prototype de l’analyseur de BTEX un bon candidat pour les 

applications de surveillance de la qualité de l'air. Néanmoins, cet instrument doit être testé en 

conditions réelles pour évaluer l'influence possible des composés interférents et d'autres problèmes 

dérivés de l'utilisation dans des environnements réels. En outre, ce dispositif de préconcentration peut 

être autonome pour un couplage possible avec d'autres systèmes d’analyse comme des 

chromatographes en phase gazeuse et être utilisé pour d'autres applications nécessitant une sensibilité 

élevée, telles que la détection d'explosifs, le diagnostic précoce du cancer ou le contrôle de qualité des 

aliments.  
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4. Etude de l’adsorption des VOC sur des différents matériaux  

Dans la dernière partie de ce travail de thèse, l'adsorption de certains COV à de faibles concentrations 

sur des adsorbants de nature différente a été étudiée pour évaluer leur application potentielle dans 

l'analyse via un système de préconcentration ou dans l'élimination de ces composés.  

Dans la littérature, malgré le grand nombre d'études liées à l'adsorption de COV à ce jour, la plupart 

d'entre elles ont été menées à des concentrations très élevées, allant très souvent entre 5 300–800 000 

ppm pour les BTEX [48] et entre 1 et 150 ppm pour le formaldéhyde [49]–[52]. De fait, il existe un 

manque d'études d’adsorption utilisant des concentrations plus réalistes (faible ppm – ppb). En outre, 

la plupart de ces études portent sur l’adsorption d’un seul composé ce qui est rarement le cas dans 

des environnements réels où un nombre considérable de composés (polluants) avec différentes 

polarités et tailles moléculaires coexistent. La présence des différents polluants peut conduire à des 

phénomènes d’adsorption préférentielle de certaines espèces par rapport à d’autres. Par conséquent, 

l''adsorption multi-composants est un point crucial à considérer lorsqu'un matériau est évalué pour 

son application dans l’élimination ou l’analyse de molécules gazeuses.  

Afin de réaliser ces études de sorption, les dispositifs expérimentaux présentés sur la Figure 8a et b 

ont été utilisés, pour respectivement l’adsorption de BTEX et du formaldéhyde. Dans ces dispositifs, 

un débit d’air synthétique contenant les polluants (CBTEX = 10 ppm, CHCHO = 164 ppb) passe à travers 

le tube rempli avec l’adsorbant. Ensuite, le flux de gaz à la sortie du tube d'adsorption est analysé en 

ligne après avoir été dilué avec de l'azote ou de l’air synthétique pour éviter la possible saturation du 

détecteur. La représentation de l’évolution de la concentration de polluant dans l'effluent sortant du 

lit de l'adsorbant en fonction du temps constitue une courbe dite de perçage. Dans ces courbes, la 

concentration de polluant augmente avec le temps d’une façon généralement sigmoïdale jusqu'à 

atteindre un plateau qui indique la saturation totale de l'adsorbant. A partir de l’intégration de l’aire 

située au-dessus de la courbe entre le début de l’adsorption et le point de saturation, la capacité 

d’adsorption de l’adsorbant peut être calculée [53].   
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Figure 8. Dispositifs expérimentaux utilisés pour l’adsorption des BTEX (a) et du formaldéhyde (b) 

Dans un premier temps, une étude de l’adsorption des BTEX sur trois adsorbants commerciaux a été 

réalisée, à savoir un noir de carbone graphitisé, le Carbopack® B, une silice mésoporeux, le SBA-16, 

et un squelette organométallique, le HKUST-1. La Figure 9 illustre les courbes de perçage obtenues 

pour les BTEX dans des conditions ambiantes (T = 296 K ± 2 K). Pour chaque adsorbant, le tracé est 

composé de cinq courbes de perçage correspondant chacune à chaque composé du mélange de BTEX, 

à l'exception des m- et p-xylènes qui sont coélués et donc représentés par la même courbe. En général, 

les courbes obtenues pour les trois adsorbants sont comparables, étant adsorbés préférentiellement 

les composés avec un point d'ébullition plus élevé selon l'ordre benzène > toluène > éthylbenzène > m 

/ p-xylènes > o-xylène. Un phénomène particulier est observé dans le cas du benzène et du toluène. 

En effet, leur concentration à la sortie du tube augmente jusqu’à atteindre des valeurs supérieures à 

la concentration d'entrée (C/C0 > 1). Ce phénomène, appelé « roll-up », apparaît lorsque les effets 

thermodynamiques régissent le processus d'adsorption [54], c'est-à-dire que l'adsorbat avec des 

interactions plus faibles est remplacé par d'autres espèces avec des interactions adsorbat-adsorbant 

plus favorables. Le roll-up a été observé sur tous les matériaux dans différentes proportions, 
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entraînant la désorption des composés plus volatils, à savoir le benzène et le toluène, en faveur de 

l'adsorption des composés moins volatils. Ce phénomène est moindre sur le SBA-16 et le Carbopack® 

B tandis que sur HKUST-1, l'effet est plus prononcé. Selon la méthode décrite précédemment, les 

capacités d’adsorption ont été calculées pour chaque composé et chaque adsorbant (voir Figure 9d). 

Pour chaque adsorbant, le type des interactions adsorbat-adsorbant ainsi que la porosité varient, ce 

qui suggère que ces paramètres ont un fort impact sur la capacité d’adsorption. Parmi les adsorbants 

étudiés, le SBA-16 a montré la plus grande capacité d’adsorption (30,2 mg/ g adsorbant). En effet, dans 

les silices mésoporeuses, en plus des forces de London, les groupes hydroxyles situés à la surface peut 

se comporter comme des sites acides faibles interagissant avec le électrons π des anneaux aromatiques 

[55], [56] favorisant ainsi l’adsorption de composés aromatiques comme les BTEX.   

 

Figure 9. Courbes de perçage des BTEX sur Carbopack® B (a), SBA-16 (b) et HKUST-1 (c). Concentration BTEX = 10 

ppm, débit = 5 mL / min. Capacités d’adsorption de BTEX des trois adsorbants étudiés (d) 

L’adsorption des BTEX a été également testée sur cinq zéolithes ZSM-5 avec un rapport Si / Al différent 

(SAR) afin de déterminer l’influence de la composition chimique de l’adsorbant sur l'adsorption de 

BTEX. Les courbes de perçage obtenues pour les différentes zéolithes sont très similaires. La Figure 
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10a illustre un exemple de courbe de perçage typique de BTEX sur une zéolithe de type ZSM-5. Dans 

ce cas, un phénomène de « roll-up » est également observé pour le benzène. Néanmoins, cette fois un 

comportement différent est observé pour l’o-xylène et les m/p-xylènes. Pour ces composés, la 

concentration au début du test était égale à la concentration initiale (o-xylène) et égale à la moitié de 

la concentration initiale (m/p-xylène). Ce comportement peut être expliqué par un effet d’exclusion 

stérique qui se produit en raison de la plus grande taille de ces molécules comme il est illustré sur la 

Figure 10b. Les capacités d’adsorption de chaque zéolithe pour chaque composé ont été calculées (voir 

Figure 10c). Comme il peut être observé, il n’a pas une corrélation directe entre le rapport Si/Al et la 

capacité d’adsorption. Cette dernière semble dépendre de plusieurs paramètres, à savoir le nombre 

de sites acides, l’hydrophobicité et la diffusion des molécules dans le réseau cristallin.    

 

Figure 10. a) Courbe de perçage typique des BTEX sur une zéolithe ZSM-5, b) exclusion stérique des métha et 

ortho xylènes des pores de la zéolithe ZSM-5 et c) capacité d’adsorption des différents BTEX en fonction du 

rapport Si/Al. 

La dernière étude est dédiée à l’adsorption de formaldéhyde à des concentrations très faibles (164 

ppb) sur les matériaux précédemment utilisés pour l’adsorption de BTEX (adsorbants commerciaux 

et zéolithes). Ce type d'études est nécessaire pour évaluer correctement les performances des 
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adsorbants car il a été démontré que la capacité d'adsorption à des concentrations élevées n'est pas 

toujours corrélée linéairement avec la capacité d'adsorption à de faibles concentrations [49], [50].  

Premièrement, l’adsorption était testée sur les adsorbants commerciaux. Les courbes de perçage 

obtenues sont présentées sur la Figure 11a.  

 

Figure 11. a) Courbes de perçage du formaldéhyde sur des adsorbants commerciaux, b) courbes de perçage du 

formaldéhyde sur des zéolithes ZSM-5 avec différents rapport Si/Al et c) corrélation linéaire de la capacité d’adsorption de 

formaldéhyde des zéolithes ZSM-5 avec le rapport Si/Al. 

Il est évident que HKUST-1 présente une capacité d'adsorption très supérieure à celle du Carbopack® 

B et le SBA-16. Ce comportement peut être expliqué par la chimie de surface de chaque adsorbant. 

Dans le cas du Carbopack® B, les forces de London sont les seules interactions adsorbant-adsorbant, 

ce qui justifie un faible capacité d’adsorption. En revanche, le SBA-16 peut interagir avec la fonction 

aldéhyde des molécules de formaldéhyde via une liaison hydrogène [51] avec les groupes silanol (Si – 

OH) à la surface interne de ses mésopores favorisant ainsi l'adsorption des molécules de 

formaldéhyde. En conséquence, la capacité d'adsorption de SBA-16 est beaucoup plus élevée que celle 

obtenue pour Carbopack® B. Parmi les trois adsorbants, HKUST-1 a montré les meilleures 
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performances d'adsorption. Cette remarquable capacité obtenue s'explique par plusieurs facteurs. 

HKUST-1 a une surface spécifique très élevée qui fournit une grande quantité de sites d'adsorption. 

De plus, ce matériau présente des pores d'un diamètre de 5,4 et 6,9 Å. Ces pores conviennent à 

l'adsorption de formaldéhyde car ils sont suffisamment grands pour permettre l'entrée de la molécule 

de formaldéhyde (diamètre cinétique = 2,5 Å) et suffisamment étroits pour que les molécules 

établissent des interactions significatives avec les parois des pores. De plus, il est prévu que les atomes 

de cuivre présents dans la structure interagissent avec l'oxygène du groupe carbonyle de 

formaldéhyde, comme indiqué par Dutta et al. [57]. Par conséquent, il est évident que la surface 

spécifique influence l'adsorption du formaldéhyde, mais il semble que la capacité d'adsorption 

remarquable soit principalement attribuée à des interactions adsorbat-adsorbant très favorables et, 

donc, à la chimie de surface. Alors, le HKUST-1 pourrait être le candidat le plus approprié pour 

l'élimination du formaldéhyde gazeux en raison de son capacité d’adsorption élevée. Cependant, les 

molécules d'eau peuvent également interagir avec les cations cuivre présents dans la structure du 

HKUST-1 [58]. Si cette interaction est plus favorable que l'interaction avec le formaldéhyde, une 

diminution significative de la capacité d'adsorption du formaldéhyde en milieu humide pourrait être 

attendue, limitant son utilisation dans ces conditions. Dans l’analyse de gaz, cet inconvénient peut 

être partiellement surmonté en ajoutant un dispositif pour piéger les molécules d'eau avant 

l'échantillonnage de gaz sur le lit d'adsorbant, comme par exemple en utilisant un tube Nafion. Pour 

remédier à la problématique de l’humidité, l’adsorption de formaldéhyde sur des adsorbants plus 

hydrophobes tels que les zéolithes ZSM-5 a été également étudiée. Ce type de zéolithes est 

principalement hydrophobe, mais sa polarité est ajustable en modifiant la teneur en aluminium dans 

la structure. Ce contenu peut être facilement contrôlé en faisant varier les conditions utilisées lors de 

la synthèse. Lorsque la teneur en aluminium augmente, les atomes d'Al (+ III) remplacent les atomes 

de Si (+ IV), entraînant une plus grande quantité de charges négatives et, par conséquent, influençant 

la polarité du matériel. Par conséquent, l'hydrophobicité dans les zéolithes augmente lorsque moins 

de charges partielles sont présentes dans la structure, c'est-à-dire lorsque la teneur en Al diminue 

(SAR élevé) [59]. Dans ces structures, les charges négatives sont compensées par des protons 

coordonnés à l'un de ces atomes d'oxygène, formant ainsi des sites acides de BrØnsted [60]. 

Des expériences d’adsorption de formaldéhyde ont été réalisés sur trois zéolithes avec un rapport 

Si/Al de 198, 132 et 79 afin d’évaluer l'influence de la teneur en aluminium sur la capacité d’adsorption. 

Les courbes de perçage obtenues sont présentées dans la Figure 11b. Pour toutes les zéolithes, les 
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courbes obtenues ont une forme assez similaire. Comme on peut l'observer sur la Figure 11b, les 

zéolithes avec une densité d'acide plus élevée, c'est-à-dire un rapport Si / Al inférieur, présentaient 

une plus grande capacité d'adsorption. Ces résultats suggèrent que l'adsorption des molécules de 

formaldéhyde est directement liée à la teneur en aluminium et, par conséquent, à la quantité de sites 

acides de BrØnsted. Afin d'illustrer cette relation, les capacités d'adsorption des zéolithes ZSM-5 

étudiées, y compris une autre zéolite commerciale ZSM-5 (Si / Al = 15) ont été tracées en fonction du 

SAR (voir Figure 11c). Une corrélation très linéaire est observée dans toute la gamme SAR étudiée 

suggérant que l'adsorption de formaldéhyde pourrait être attribuée aux interactions entre la fonction 

carbonyle et les groupes zéolithiques Si– (OH) –Al, comme indiqué précédemment par Kukulska-

Zaja̧c et Datka [61]. De plus, la réduction de la surface spécifique observée lorsque la SAR diminue 

semble avoir un effet négligeable sur l'adsorption du formaldéhyde. Cette observation renforce l'idée 

que l'adsorption du formaldéhyde est principalement dominée par la chimie de surface. Par 

conséquent, on peut conclure qu'à de faibles concentrations, une adsorption de formaldéhyde plus 

efficace peut être obtenue en utilisant des zéolithes à haute teneur en aluminium. 

5. Conclusions générales 

Au cours de cette thèse, différents aspects liés à la quantification et à l'élimination des COV gazeux 

ont été abordés. Au début de ces travaux, une campagne de terrain sur la qualité de l'air menée dans 

les écoles primaires a révélé l'importance des mesures en temps quasi réel dans la surveillance de la 

qualité de l'air intérieur. Ces résultats, ainsi que la nouvelle législation française sur la QAI entrée en 

vigueur en 2018, ont révélé un besoin urgent d'instruments portables d'analyse suffisamment 

sensibles pour détecter de si faibles concentrations. Ce contexte a été la motivation de l'objectif 

principal à atteindre au cours de cette thèse, à savoir le développement d'un préconcentrateur intégré 

dans un prototype de l’analyseur de BTEX portable pour atteindre une limite de détection inférieure 

à 2 µg m-3 (0,6 ppb) pour le benzène conformément à la valeur guide en France. Parallèlement à cette 

évolution, une étude complémentaire de différents adsorbants a également été réalisée afin de mieux 

sélectionner et éventuellement élargir la gamme des polluants analysés ou d'améliorer et caractériser 

leurs cycles d'adsorption / désorption. Ainsi ce travail est principalement composé de trois parties 

différentes. 

Dans la première partie, les résultats obtenus lors d'une campagne de terrain sur la qualité de l'air 

intérieur menée dans deux écoles primaires françaises pendant 5 semaines ont été présentés. L'objectif 
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était de déterminer les concentrations de BTEX, d'identifier leurs principales sources d'émission et 

d'évaluer l'efficacité des différents scénarios de ventilation. À cette fin, des prototypes préindustriels 

développés dans notre laboratoire ont été utilisés pour surveiller en continu la concentration de BTEX 

dans différentes conditions d'occupation et de ventilation. Ces appareils ont fourni des mesures en 

temps quasi réel qui ont permis d'établir des profils concentration-temps avec une résolution 

temporelle élevée de 10 min. Ces données, ainsi que des mesures supplémentaires de CO2, se sont 

avérées être une méthode efficace pour l'identification des sources. En effet, les niveaux de CO2 

peuvent être utilisés comme indicateur de confinement, par conséquent, la corrélation ou l'anti-

corrélation de ceux-ci avec les concentrations de BTEX révèlent l'origine interne ou externe des sources 

d'émission. De plus, des schémas répétitifs de pics de pollution mesurés au même moment de la 

journée au cours de différentes semaines ont permis d'associer ces émissions aux activités des enfants. 

Notre étude a révélé l'importance des mesures en temps quasi réel par rapport aux méthodes 

classiques telles que l'échantillonnage passif, qui quant à elles fournissent des concentrations 

moyennes qui ne sont exploitables pour une identification de la source d'émission. 

Notre analyseur de BTEX a montré également sa capacité à mesurer les concentrations de ces polluants 

en continu à des niveaux de ppb sur de longues périodes. Néanmoins, un seuil de benzène égale à 0,6 

ppb a été fixé par la nouvelle législation sur la qualité de l'air des bâtiments publics en France. C’est 

pourquoi, la deuxième partie de ce travail a été dédiée au développement d’un préconcentrateur afin 

d’améliorer la sensibilité du prototype de l’analyseur de BTEX aux niveaux de la dizaine ou centaine 

de ppt. 

A cet égard, plusieurs prototypes de préconcentrateur ont été développés et testés. Cependant, la 

plupart d’entre eux présentent des inconvénients majeurs concernant la robustesse et la 

consommation énergétique et seule la dernière version, nommé µAP2, répondait à toutes les exigences 

fixées dans les objectifs de cette thèse. L’analyseur de BTEX intégrant le préconcentrateur µAP2 

présentait une LDQ de 0,191 ppb pour le benzène avec seulement 20 mL d'échantillon. Pour atteindre 

ces performances, la consommation d'énergie a été augmentée de façon minimale, car seulement 70 

W supplémentaires ont été nécessaires pendant 70 s pour effectuer cette étape de préconcentration. 

De plus, l'intégration de cette étape supplémentaire a eu une influence négligeable sur le temps 

d'analyse total car dans le cas d'une analyse consécutive, l'échantillonnage de la prochaine analyse 

peut être réalisé simultanément à l'étape de séparation de l'analyse en cours. La reproductibilité et la 

répétabilité ont également été évaluées, l’instrument développé démontrant des performances 
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satisfaisantes pour ces caractéristiques critiques, soulignant sa fiabilité analytique sur de longues 

périodes. De plus, le coût de fabrication du préconcentrateur développé peut être estimé à plusieurs 

dizaines d'euros ce qui conduit à un rapport qualité-prix très raisonnable pour ce dispositif. 

La troisième partie porte sur l’étude des différents adsorbants afin d’évaluer son potentielle 

application dans l’analyse de polluants gazeux. À cette fin, une série d'expériences d'adsorption 

dynamique ont été menées pour évaluer la capacité d'adsorption et déterminer les paramètres clés 

affectant l'adsorption des BTEX et du formaldéhyde. Tout d’abord, l’adsorption de BTEX à faible 

concentration a été évaluée sur trois adsorbants commerciaux dont les propriétés texturales et la 

chimie de surface étaient différentes. Parmi eux, le SBA-16 a montré la capacité d'adsorption la plus 

élevée et un effet de « roll-up » minimum empêchant la désorption des molécules les plus volatiles ce 

qui suggère que ce matériau peut être un bon candidat pour les applications d'analyse de gaz.  

Ensuite, des études d'adsorption de BTEX ont été réalisées sur cinq zéolithes ZSM-5 avec un rapport 

Si / Al différent pour élucider l'effet de la composition chimique sur l'adsorption de BTEX. Il a été 

prouvé que ce paramètre a une forte influence sur l'adsorption de BTEX, et les résultats obtenus ont 

révélé qu'un compromis entre SAR et l'hydrophobicité devrait être atteint pour optimiser l'adsorption 

de BTEX. À cet égard, la synthèse par la voie du fluorure de la zéolite ZSM-5 utilisée semble être une 

stratégie avantageuse par rapport à la voie alcaline traditionnelle car elle a permis d'obtenir des 

matériaux hautement hydrophobes même avec un SAR faible. 

La dernière étude est dédiée à l’adsorption du formaldéhyde à des concentrations très faibles (164 

ppb) sur les matériaux susmentionnés (adsorbants commerciaux et zéolithes). Ce type d'études est 

nécessaire pour évaluer correctement les performances des adsorbants, car il a été démontré que la 

capacité d'adsorption à des concentrations élevées n'est pas toujours corrélée linéairement à la capacité 

d'adsorption à de faibles concentrations. À notre connaissance, il s'agit de la seule étude réalisée à des 

concentrations aussi faibles. Nos résultats et leur comparaison avec les données expérimentales de la 

littérature ont mis en évidence que la chimie de surface est un facteur déterminant de l'adsorption des 

aldéhydes. Parmi les adsorbants étudiés, HKUST-1 présentait la capacité d'adsorption la plus élevée 

vers le formaldéhyde probablement en raison de la forte interaction des fonctions carbonyle avec les 

ions cuivre de sa structure.  

Les résultats obtenus dans le cadre de cette thèse ouvrent de nouvelles perspectives concernant le 

développement d'instruments d'analyse portables. Notre analyseur compact de BTEX a montré des 
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performances satisfaisantes dans des conditions de laboratoire, cependant, il doit être testé dans des 

environnements réels, par exemple, en menant une campagne sur le terrain similaire à celle réalisée 

au début de cette thèse. 

Sans aucun doute, l'un des principaux avantages du préconcentrateur développé dans ce travail est 

son coût de fabrication extrêmement faible (~ quelques dizaines d'euros) ce qui signifie que le prix ne 

constituera pas un frein à sa mise sur le marché. En outre, ce dispositif peut être rempli avec d’autres 

adsorbants pour piéger différentes molécules ciblées. À cet égard, il est possible de penser que le 

préconcentrateur développé dans ce travail peut être rapidement adapté et utilisé dans de nombreuses 

applications nécessitant une sensibilité très élevée telles que la détection d'agents explosifs et de 

guerre, l'industrie alimentaire ou l'analyse de l’air exhalé pour le diagnostic précoce de maladies 

comme les cancers. 
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Appendix 

Calculation of the error associated to generation of different BTEX concentrations using the 

experimental setup presented in page 177.  

•   Data of mass flow controllers (MFC) El-Flow that are part of the calibration bench: 

Measurement accuracy = 0.5% 

Accuracy of full scale = 0.1% 

Full scale of BTEX MFC = 100 NmL/min 

Full scale of N2 MFC = 500 NmL/min 

 

• Data of BTEX gas cylinder: 

BTEX concentration = 100 ppb 

Uncertainty about the concentration of the standard BTEX gas cylinder = 10 % 

Uncertainty about the generated concentration ( yz2{|}~�4z2{|}~�4  ) is expressed as a function of the flow rates 

set on the MFC and the uncertainty about the concentration of the BTEX gas cylinder according to the 

following equation:  

yz�����
z�����  = y���������� 	+ 

y[��dI	�����]
[��dI	�����]	

 + yz���������  

where: 

yz����
�����  uncertainty about the concentration of the standard BTEX gas cylinder 

ΔF!b��	= (measurement accuracy × 3!b��) + (accuracy of full scale × full scale of BTEX MFC) 

ΔF�9	= (measurement accuracy × 3�9) + (accuracy of full scale × full scale of N2 MFC) 

Where ΔC!b�� is the uncertainty about the concentration of standard BTEX gas cylinder, 5!b�� is the 

concentration of the standard BTEX gas cylinder, FBTEX is the flow rate set in the MFC of BTEX, FN2 is 

the flow rate set in the MFC of N2. 
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Résumé 
Ce travail de thèse est consacré au développement d’outils plus performants pour la détection de 
polluants tels que les BTEX et les aldéhydes. Ces dispositifs très sensibles sont des outils de 
diagnostic en temps quasi-réel qui permettent de mesurer les variations temporelles et spatiales des 
polluants ciblés et donc faciliter l’identification des sources de ces polluants et ainsi développer des 
stratégies permettant de réduire leurs quantités ou même de les éliminer. Plus particulièrement, un 
dispositif portable basé sur la chromatographie gazeuse intégrant une étape de préconcentration a 
été développé pour atteindre des limites de détection de l’ordre de centaines de ppt, compatibles 
avec la surveillance de benzène conformément à la nouvelle législation française de la qualité de 
l’air intérieur. En outre, la sorption des BTEX et aldéhydes a été étudiée sur divers adsorbants 
pouvant être intégrés soit dans un préconcentrateur soit dans un épurateur dans un but analytique 
ou de remédiation. 

Mots clés : qualité de l’air, Composés Organique Volatils, chromatographie en phase gazeuse, 
microfluidique, préconcentration, adsorption. 

 

Résumé en anglais 
This thesis is devoted to the development of highly efficient devices for the detection of pollutants 
such as BTEX and aldehydes. These sensitive devices are near real-time diagnostic tools that 
measure the temporal and spatial variations of the targeted pollutants facilitating the identification of 
their main emission sources and thus, the development of effective strategies to reduce their 
quantities or even eliminate them. More precisely, a portable device based on gas chromatography 
integrating a preconcentration step was developed to reach detection limits of the order of hundreds 
of ppt, compatible with benzene monitoring according to the new indoor air quality French legislation. 
In addition, the sorption of BTEX and aldehydes has been studied on various adsorbents for their 
potential integration either in a preconcentrator or in a purifier for analytical or remediation purposes. 

Mots clés : air quality, Volatile Organic Compounds, gas chromatrography, microfluidics, 
preconcentration, adsorption. 


