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Summary

This dissertation develops a quantitative method for the measurements of in-
teractions of Volatile Organic Compounds (VOCs) and surfaces of commercially
available pipes usually used for VOC’s sampling. VOCs are widely measured at
ppb and ppt level in many fields of life, from therapy monitoring to climate change
monitoring and to indoor air quality. The need for accuracy has always been
stressed in all these fields. The interactions between gas mixtures and solid sur-
faces in the sampling lines and instruments play an essential role in calculating
the total uncertainty of VOC concentration. The amount of substances in the gas
mixture is a�ected by its reversible and irreversible interactions with the wall of
the sampling line. These interactions between VOCs and di�erent surfaces are of
di�erent nature, from sorption to chemical reactions or permeation depending upon
the nature and thermodynamic properties of the VOC, the properties of the wall,
the VOC concentration, temperature, humidity, and air velocity. There was a need
of a specific study to quantify the interactions since not enough data are available
in the literature. An equilibrium constant (Ke) is measured as the ratio of the
maximum amount of substance per unit area segregated during equilibrium (CA,e)
on the test pipe’s internal surface to the gas concentration. The CA,e and Ke are
estimated for di�erent materials at di�erent conditions. The characteristic time (tc)
of the dynamic in which the phenomenon occurs is measured, which is particularly
important to define whether the phenomenon should be considered or neglected
with respect to the time in which the process of interest takes place. The dynamic
of the phenomenon can be analyzed based on the rate of reaction at which equi-
librium occurs. In polymeric materials, the irreversible losses due to permeation is
significant and can be measured as mass per unit area per unit time (J ) is measured
to quantify these losses. The pipe’s memory e�ect plays a role in the repeated use
of sampling and is estimated as a mass release from unit area per unit time i.e.,
release rate (M ). This research proposes and discusses the methods to quantify
maximum surface concentration (CA,e), Equilibrium constant (Ke), irreversibly re-
action rate (J ), and release rate due to memory (M ). The sensibility of the methods
on residence time, surface area, gas velocity, temperature, and pressure has been
evaluated to identify the main influence quantities and biases for correction of the
results and the limits of the applicability of the method. An experimental set-up
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has been designed in which a mixture containing a single VOC was flushed inside
a clean test pipe. A fast response detector (Flame Ionization Detector (FID)) was
used to retrieve the signal of VOC concentration. The amount of VOC that inter-
acted to the wall from the mixture was calculated from the depletion of the signal.
Air-Acetone (C3H6O) mixture at the ppm level with certified uncertainty that has
a high response on the detector is used for the experimentation as a representa-
tive VOC mixture. Four di�erent common materials were tested with two di�erent
internal diameters at di�erent lengths having the same surface area.

The proposed methodologies were applied to 4 di�erent materials. As expected,
the interactions with Sulfinert® treated stainless steel were the lowest, followed
by Copper, and the highest for electropolished Stainless steel followed by Perfluo-
roalkoxy (PFA). An attempt to quantify the Kinetic constant kkin was made, and
regression to the experimental data for all materials was performed, but the model
was not fitted to any of the data, which indicates these interactions are not simple
and can be the sum of di�erent phenomena. The irreversible losses due to perme-
ation or reaction were negligible for Sulfinert®, and these were pretty measurable
for PFA and Stainless steel. The release amount due to memory was following the
same order of magnitude as that of irreversible reacted mass flux. The e�ect of
temperature and pressure was evident and considered as bias to the measurements
and the results were corrected accordingly to a reference temperature and pressure.
The e�ects of fluid dynamics and residence time were investigated and were found
negligible for all the tested pipes. and The methodology for estimation of losses
can be extended to lower concentration, di�erent applications and used in compar-
ing the response of di�erent materials that are usually used for sampling at lower
concentration.
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Chapter 1

Introduction

Volatile organic compounds (VOCs) are a group of chemical compounds that en-
tails numerous substances, including various hydrocarbons, organic acids, a range
of alcohols, and aldehydes. These compounds are distinguished based on their
volatility under normal room temperature and pressure. One of the biggest sources
of VOCs is biological processes or living organisms followed by anthropogenic ori-
gins, which include the production and combustion of fuels, in particular, due to
incomplete combustion phenomena in automobiles and in industrial combustion
chambers. Emissions of the anthropogenic sources primarily occur in densely pop-
ulated, heavily industrialized zones and evaporation from landfill sites. The real
and prevalent consequence of releasing VOCs into the atmosphere is the genera-
tion of low-level ozone. Although ozone is very beneficial for humans in the upper
atmosphere as it blocks the ultraviolet rays, at a lower level, it is hazardous as
it constitutes a primary component of smog. VOCs can cause sensory irritation
indoor and are a great source of concern in air quality and atmosphere. VOCs
are undoubtedly critical environmental pollutants because they are moving, per-
sistent and harmful. Therefore, the need for accurate measurement of di�erent
VOCs with the maximum accuracy is indispensable for proper monitoring and thus
controlling to safe limits. Measurement of VOCs in the air is challenging because
of the availability of a number of compounds, diversity of techniques for sampling
and analysis, and lack of uniform and consistent methods. The mechanism of pre-
cisely measuring VOCs is the primary concern for the researchers, industry, and
regulatory authorities that arises from improving uncertainty estimation.

1.1 Importance of metrology of VOCs and e�orts
The measurements of volatile organic compounds (VOCs) at trace level have a

significant role in atmospheric chemistry, health, ultra-clean industrial processes,
indoor air quality, and metrology [89, 106]. In all these applications, measurements
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of VOCs amount of substance require a challenging target accuracy at the level
of pmol·mol≠1 (ppt) and nmol·mol≠1 (ppb) [89]. VOCs’ monitoring within 1-1000
ppb range is required for the atmosphere and indoor air quality, at an uncertainty
of 5% for di�erent VOCs and 3% for di�erent fluorinate volatile compounds [71,
74, 88]

Atmosphere and environment

Measuring VOCs at ppb level in the atmosphere is imperative due to their role
in ozone precursors. In the presence of sunlight and oxides of nitrogen, VOCs
form ozone, and other products,that are hazardous pollutants at a lower altitude
[78]. VOCsa are more reactive due to the presence of C=C double bonds, and
upon oxidation, produces a large variety of particle-phase compounds that are more
hazardous than the original one. Oxidation of complex organic compounds results
in dissolution, which gives a number of free radicals and more stable molecules such
as aldehydes [82]. VOCs are the cause of concern mainly because of their role in
creating ground-level ozone and smog [90].

In monitoring the ambient air quality for health impacts and e�ects on ecology,
the knowledge of types of VOCs, their concentration, dispersion routes, their fate
in the environment, kind of VOCs in relation to photochemical ozone creating
potential and their health endpoints is a prerequisite. Lack of a defined approach to
ascertain the toxic compounds requires the development of own monitoring method,
sampling plan, analysis logistics, calibration, quality control, and averaging time.
The choice of monitoring method depends on the fundamental purpose of data,
including regulatory purpose, health impact, impact on climate, and impact on
ecology.

In 1989 the Global Atmosphere Watch (GAW) Program was created, and the
members of the World Meteorological Organization (WMO) recognized the im-
portance of atmospheric chemistry in their weather, climate, and air quality and
activities [105].The first VOC inter comparison exercise was held in 2003 under the
GAW/WMO programme which raised the need for stable and uniform calibration
standards [74].Data quality objectives (DQO) were defined for di�erent VOCs with
accuracy ranging from 10-20% and precision 5-15% depending on type of VOC [71].
One of the areas of interest in recent years is the monitoring and control of reac-
tive gases. This group includes surface ozone, carbon monoxide, volatile organic
compounds (VOCs), oxidized nitrogen compounds, hydrogen, and sulphur dioxide.
USEPA has provided a compendium of available methods for monitoring the toxics
in the ambient air [77].
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Industry

VOCs are also disturbing many of the commercial, industrial manufacturing
facilities and causing a great deal of concern and research to counter the prob-
lems posed by these chemical entities. Airborne Molecular Contaminants (AMCs)
comprise a range of chemical compounds, including volatile organic compounds
that are a potential threat to the yield of ultra-sensitive manufacturing processes,
including semiconductors, nanotechnology, and photovoltaics that demand accu-
rate information measurements at ppb level [25, 102, 41]. Microfabrication or even
smaller centers face the environmental challenges caused by these VOCs, especially
concerning cleanliness and environmental control aspects [41].

These chemicals are causing the losses of yield at a minor level that a�ect the
consistency of products in industries [102]. It is established that airborne amines
or ammonia cause a decrease in the resolution of photoresists that are chemically
enhanced.

In the semiconductor industry, we can say that room is ultra clean in the sense
of the absence of particles of the size of particulate matter, but we cannot say this
in absolute terms because of the presence of other contaminants [42]. Moisture and
the presence of di�erent compounds in the air could cause the deterioration of or
even collapse of semiconductor devices [41]. Unintentional hydrophobization and
the generation of haze on the silicon wafers are the leading problems due to volatile
organic compounds even in traces [27, 41]. VOCs pollutants are also reported to
have a damaging e�ect on changing the thickness of film due to variable time of
incubation during chemical vapor deposition (CVD) [85]. The need for accurate
measurement with the lowest possible uncertainty is vital to consider VOCs’ e�ect
and devise the approaches to handle them even at the ppb level e�ectively.

Indoor air quality (IAQ)

Indoor air quality is of paramount importance when discussed from the per-
spective of human health. The presence of certain chemical compounds beyond the
safe level could result in di�erent health-related problems. Indoor VOC concen-
trations are higher than outdoor ones [2], and human exposure to these VOCs can
have short and long-term adverse e�ects on their health. Organic compounds can
cause sensory e�ects such as irritation or problem of odor [12]. In most developed
nations, the urban lifestyle is predominant and has compelled people to spend their
time indoors rather than outside. This has made the concern of indoor air quality
very pertinent and crucial very justified. Furthermore, a most susceptible chunk of
the population, such as physically challenged persons su�ering from some serious
chronic diseases and even infants, consumes most of their time indoors. The con-
centration of the VOCs indoors is higher than that of outdoor air [18, 24, 2]. There
are few VOCs present in the flooring materials that are potentially carcinogenic [5].
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Till present, no global standards are in place for VOC concentration there accord-
ing to the region and country. These limits vary. However, there is some minimum
concentration above which these compounds become dangerous, and below that
level, no adverse consequences are expected. This limit is known as the Lowest
concentration of Interest (LCI).

LCI is the criterion that guides us whether the emission level in indoor air
is acceptable or not; therefore, serves as a standard. Based on the exposure to
the VOCs indoor for a certain period (8 hours) about their health risk based on
toxicology is defined as Chronic Reference Exposure Level (CREL) by California
Environment Protection Agency (CalEPA).

The level of concentration is measured using di�erent techniques and method-
ology, but the main challenge encountered is accurate measurement. Accuracy in
the indoor VOCs measurement is paramount because knowing the exact quantity
accurately with the lowest uncertainty at ppb and ppt level would enable us to
devise some mechanism to control the dangerous concentrations.

Health

Our human body is continuously emitting the number of VOCs from di�erent
parts. Most of these compounds are emitted through the breath, skin, sweat,
feces, and urine. The use of VOCs as a biomarker for the diagnosis of di�erent
diseases requires monitoring at the ppb level. Therefore, the good estimation of
emitted VOCs from di�erent parts of the human body is vital. At the di�erent
conditions of human health, di�erent sort of VOCs are generated like some VOCs
are generated into lungs and come out through the exhaling process while others
are just released into the bloodstream and ultimately find their way out of the
body. This exit of these VOCs from the body gives us the opportunity to detect
and quantify them by using some sophisticated procedures. Upon detection and
quantification, interpretation of this data lead us to diagnose the inherent cause or
disease present in the body. First of this sort of detection and measurement was
performed in 1985 by using chromatography/mass spectroscopy [17, 3, 24].

A nanoscale artificial nose named NA-NOSE has been developed to detect the
cancer of the neck and head through breath analysis which is built by an array of
cross-reactive gas sensors having monolayer capped metallic nanoparticles. This de-
vice can separately identify the di�erent VOCs at the concentration of nmol ·mol≠1

[39]. The same compound at a certain concentration at di�erent constituents trig-
gers di�erent responses in the sensors. In the breath sample, the signal from the
sensors is cumulative for a mixture of compounds. Typical signal for the cancer
biomarkers for a sensor ranges between 10-100 nmol ·mol≠1. Hence, the signal is
less likely to be disturbed by the noise and allows less uncertainty in Gas Chro-
motography (GC)/Mass Spectroscopy (MS) /Solid Phase Microextraction (SPME)
analysis [39]. Detection of cancer is very crucial because around 1.59 million people
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die and many of them due to late diagnosis. [84] have investigated that 1-propanol
and 2-butanone are the most associable biomarkers for this disease. Other re-
search groups have also identified ethylbenzene, hexanal, isoprene, and styrene as
biomarkers for the said cancer. For the development of novel methods of detection
and calibration of instruments used for breath sampling, a project under the Euro-
pean Union with the name EURAMET was initiated in 2015 and they stressed on
the need of accurate sampling and instrumentation for reactive VOCs [50]. Accu-
racy in the measurement of interactions and quantification with the lowest possible
uncertainty is key to trusted diagnosis.

1.2 Challenges in measurements
Measurement of VOCs in the air is generally di�cult, owing to a large number of

VOCs present of our concern, a wide array of available techniques for sampling and
analysis, and inadequacy of standard and documented procedures [95]. The choice
of suitable method for VOC analysis depends on number of factors ranging from
type of VOC, range of concentration, humidity and temperature while sampling,
type of sample, accuracy, sensitivity, procedure, interference, and also on the cost
of the methods [65, 104]. A number of techniques are employed for the analysis of
VOCs for example where greator sensitivity is required mass spectrometery (MS)
detectors are used because of their good suitability for environmental analysis [83].
Field e�ect transistors of carbon nanotubes and detectors made of optical fiber
with polymeric film are used as VOC detector owing to their sensing capability
[92, 91]. Among the number of techniques used for VOC analysis as discussed in
[64], commonly used technique is GC with either FID, Photoionization or electron
capture detector.

VOCs monitoring, regardless of the applications and techniques, requires the
use of pipes, fittings, liners, cylinders, joints, pressure regulators, environmental
chambers, generation devices, and measurement instruments, all built using solid
materials of di�erent nature. In all these applications, the gas-wall interactions
a�ect the mole fraction of VOCs [76, 14, 69, 109, 52, 108, 45, 6, 58].

VOCs pose a serious challenge in measurement due to their presence in a wide
range. Therefore, their precise and consistent quantification is a real task to work
on. Quantification of VOCs can be divided mainly in two categories, namely, source
emission and ambient air.

In source emission, three major mechanisms are employed for the evaluation of
VOCs, which are material balance, emission factors, and emission testing. Realistic
determination of VOCs depends upon di�erent factors; among them is the ’purpose
of data is of foremost importance. If the evaluation is being performed for regulatory
purposes, the agencies concerned would be more interested in knowing the total
VOC emissions, concentration limits, and control e�ciencies of di�erent control
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equipment. Gas chromatograph equipped with FID detector is used to separate the
VOCs compounds from di�erent interference and from each other. The detector
must be calibrated for each individual VOC compound which makes it cumbersome
and lengthy. In another method FID is used to quantify the TGNMO (total-gaseous
non-methane organic) by first extracting the VOC from methane, carbon dioxide,
and carbon monoxide. This method gives the estimation of VOC in terms of carbon
content. The detection limit of this method is 50 ppm, and it cannot be used in
many instances where concentration is way less than that [94].

Therefore, there is a need for the development of new measurement techniques
to have the ability of uniform evaluation of di�erent VOCs, especially hazardous
air pollutants.

Instability of reference gas mixture

Reference gas mixtures are normally used for (a) validation of proper analyti-
cal procedures and (b) calibration of control and measurement devices [31]. The
instability of the reference mixture poses a serious threat to the accuracy of VOC
measurements. During calibration, the response of the instrument to the standard
material or process is reported with the uncertainties associated. Calibration is
comparison with the values or indications between standard things and measured
things. Calibration makes sure the consistency between di�erent instrument per-
forming the same task and help in minimizing the uncertainty. In the presence of a
number of analytes of di�erent types, an investigator might even need to maintain
as many as 24 di�erent cylinders of the reference material. Having such a number
of cylinders is not only expensive in the first place but also very di�cult to main-
tain due to the issue of instability. The problem of stability is further underlined
when having reacting gases such as VOCs. As these standard mixtures are used for
performing very critical measurements, there no compromise should be made on
the quality of these measurements. In order to assure this, a shelf life is reported on
the certificate of the gas analysis cylinder. The stability of a reference gas mixture
with a concentration under 1000 nmol·mol≠1 greatly depends on the techniques
employed by the supplier companies. Some of the vendors only give their certifica-
tion based on weighed into the cylinder only. However, it should be kept in mind
that gravimetric certifications do have certain limitations, such as [35]:

• Due to surface absorption, the loss of minor and most reactive compounds.
For example, loss of chlorine in the steel cylinders.

• Occurrence of impurities in the multi-component mixtures.

• Impurities may react with the minor reactive component.

• By mistake, the addition of wrong and undesired component.
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Two available techniques are being used for the preparation of the gas mixture,
namely, static and dynamic. These techniques help us improve the accuracy for
estimating the molar fraction of mixtures and their stability. The gas-wall inter-
actions a�ect the molar fraction of the standard gas mixture at trace level, mostly
produced statically by using the calibrated gas cylinders [89] and dynamic prepa-
ration as defined by ISO 6145 standards [86]. For climate change and indoor air
quality, the expanded uncertainty for the reference gas standards is required to be
lower than 5% [71]. Commercially available calibrated gas cylinders are stable for
the short term (months); however, for the long term (years) the stability of cylin-
ders within the required uncertainty is not guaranteed [32, 71, 86], as the long-term
stability is a�ected by the gas-wall interactions [89, 76, 14, 56, 55]. The losses due
to gas-wall interactions in cylinders had been previously investigated in [98, 49, 38,
51, 101, 15, 57]. Recently [56] has proposed a method for the estimation of these
losses in cylinders. The dynamic method gives the advantage of having less gas-
wall interactions and provides a stable amount of substance fractions [89]. However,
losses due to gas-wall interactions contribute as a source of uncertainty combined
with other sources such as leakages, pressure, and temperature instability.

Detection of VOCs concentration ppb or ppt level

Detection of VOCs at the trace level has become increasingly pertinent due to
their hazardous e�ects in most cases, even in very low concentrations. Therefore,
a number of major environmental safety agencies have set the minimum limits to
save the human from the exposure in order to save from adverse e�ects even at low
concentration of ppb and ppt level [53]. There is great demand for detecting such
VOCs with sensitivity and selectivity. Accordingly, these requirements demand the
availability of portable sensors that can be used on the spot to detect such a lower
level of concentration. In work performed by [29] response of the sensing layer was
enhanced by the addition of gold nanoparticles on the surface of tin-oxide. This
gold catalytic enhancement induces the capability of the sensor to detect as low as
ppb with reproducible responses. Micro-machining is used by coupling with pre-
concentration selective material to fabricate the portable sub-ppb sensors for the
detection of aromatic VOCs. The sensitivity of metal oxide (MOX) gas sensors is
associated with the supramolecular concentration unit to lower down the detection
limits [110].

Accuracy of sampling

For monitoring of gaseous mixtures at ppb and ppt level requires accurate and
representative sampling. A sampling of gases mixture is greatly a�ected by inter-
actions of the gas mixture with the wall of the sampling line, leaks, and human
artifact. A sampling of analytes is prone to positive and/or negative artifacts,
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which tend to either overestimate or underestimate our desired gaseous mixtures
measurement and subsequently quantification [100]. The losses due to interaction
with the wall of the sampling tool are significant in the case of the reactive analyte.
In particular, for oxygenated VOCs (OVOCs) like ethanol and methanol, signifi-
cant losses can occur as these OVOCs strongly interact with various metal surfaces,
including stainless steel (found in, e.g., sampling lines or pressure regulators) and
aluminum (e.g., gas cylinders). The lower the OVOC mole fraction that needs to
be prepared or monitored, the more important it is to use suitable materials to re-
duce losses. In the Standard operating procedure (SOP), the use of materials other
than stainless steel (heated), glass, silicon-coated stainless steel (inner surfaces are
coated with amorphous silicon), PFA, and Polytetrafluoroethylene (PTFE) is dis-
couraged for the measurement of non-methane hydrocarbons in air samples [75].
In particular, polymers other than PFA and PTFE shall not be used to prevent
memory e�ects. For an on-line sampling of OVOCs, the SOP recommends inlet
lines of either silicon-coated stainless steel or PFA (perfluoroakoxy alkanes), but
not stainless steel. Silicon coated steel should be humidified before the first us-
age (e.g., by-passing ambient air). The line has to be as short as possible, and
the diameter should not be larger than 1/8 inch to minimize the dead volume of
the sampling line unless it is permanently flushed. The residence time in the inlet
should not exceed a few seconds.

1.3 Gas-wall interactions
Gases, when coming into contact with solid surfaces, during standard gas prepa-

ration, sampling, storage, transport, and analysis; interact through adsorption, des-
orption: permeation, di�usion, electrostatic forces, and gravitational settling [63].

The gas-wall interactions cause reversible and irreversible losses; that depends
on the di�erent parameters such as contact time, contact area, and thermodynamic
conditions [111]. The characteristics of the analyte, e.g., polarities and molecular
mass, are crucial in determining the nature and intensity of interactions [36]. The
reversible losses are for a short period but with a high rate and very important for
sampling purposes, while the irreversible losses are important for long stays as they
are continuous losses.

The adsorption and desorption of gases over the surfaces are the sum of collective
phenomena in series and/or parallel [62]. In adsorption, molecules, upon leaving the
bulk fluid and reach towards the surface, would move over the surface and even into
the material owning to the porosity of the material. Whereas desorption is just the
opposite phenomenon. Every phenomenon occurs depending upon the di�erence in
the energy. When this gradient of energy is zero, then these phenomena are said to
be at equilibrium. However, this equilibrium state is time dependent. Relaxation
time controls these phenomena, such as if the relaxation time is greater than the
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contact time between mixture and surface, then the phenomenon is explained by
the equilibrium model, which is independent of time. On the other hand, if the
relaxation time is shorter than the contact time between mixture and surface, then
the phenomenon is explained by the equilibrium model, which is time-dependent;
however, if both the relaxation and contact time are of the same magnitude, then
it will be described by the kinetic model which is time-dependent [79].

Gas-wall partitioning is a relatively recent phenomenon under consideration that
causes the underestimation in the measurement of our desired analyte for di�erent
purposes especially concerning environmental monitoring and human health [52].
Smog chambers are very helpful for performing experiments relating to atmospheric
chemistry in a controlled fashion. Many of the experiments involved in such types
of investigations count on the measurement of particle mass variations. A serious
hurdle that hinders the accurate analysis is the loss of particles to the surface of the
wall during the experiment [22]. The e�ect on measurements in the environmental
chambers is quantified as the delay time in measurements by [69, 26].

The e�ect of gas-wall interaction in the formation of secondary organic aerosols
(SOA) from the oxidation of organic compounds draws significant attention; the
however mass of SOA that produced remained questionable due to uncertainties
involved because of such interactions [73]. Particles of gas interact with the walls.
The rate at the wall loss is dependent on the size of the particle, turbulence in
the passage and presence of any electric field, and the geometry of the passageway
[22]. Di�culty in accounting for the mass interacted of vapor wall losses results in
incorrect estimation of SOA that results in the skewed prediction of ambient SOA
mass [19]. Loss at the walls is smaller when the chemistry of the moving compound
is rapid [73].

Sampling pipes that convey the air from the atmosphere to the detectors can
potentially disturb the measurement of the amount of the analyte segregating on
or releasing from the wall surfaces, i.e., these interactions challenge the accuracy
of the measurement [50]. The gas mixtures interact by adsorption, desorption, and
reactions with the available surfaces, both at the wall or, by permeation, inside of
it [63].

Gas-phase organic compounds undergo wall losses. Not only quantification but
also identification becomes di�cult in the case when reaction products are formed
[61]. Considerable interactions of an organic compound have been observed [61, 109,
113] in the Teflon chamber where the organic compound is reversibly partitioned
to the wall of the chamber, having the equilibrium reaching a time in few multiples
of ten. Researchers also found that semi-volatile organic compounds can partition
in a reversible manner to the chamber of Teflon [61, 109]. [69] concluded that
these tubings were very much similar to the chromatography column in response
to dealing with the material being transported. The e�ect was not only limited to
change the time profile but, more importantly, also changed the concentrations. It
was further found that if the walls or the particles are charged, then the rate of loss
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increases as a result of interaction [63, 73]. Particles of organic compounds with
relatively smaller sizes interact and deposit more e�ciently to the wall than those of
particles with larger sizes due to the larger Brownian di�usion and charge to mass
ratio. [109] investigated that many atmospherically relevant hydrocarbons, when
undergoing oxidation, could result in the compounds that have tangible portioning
to the chamber of Teflon, which leads to their loss from further chemical reaction
making the analysis hard to interpret; this underlines the need for close monitoring
and quantification [13].

In the study [69], delays of VOCs and intermediate volatility-compounds (VOCs)
were studied in perfluoroakoxy alkane (PFA) Teflon tubing. It was observed that
the delay increased significantly as the concentration of compounds decreased. In
similarly conducted studies, environmental chambers and Teflon walls were consid-
ered as equivalent absorbing mass. The results from both materials were consistent.
However, tubing proved to be a far better option for the determination of gas-surface
interaction owing to the minimal e�ect of variations in buoyancy and turbulence in
the transport, which is more common in chambers that cause more uncertainty in
the measured values [52]. In the continuation of these studies, [69] have tested dif-
ferent tubing of Teflon, polymeric material, coated and uncoated steel, glass, and
aluminum. All used tubing of polymeric material proved pretty consistent with
the absorptive portioning, and Teflon PFA proved to be the best when it comes
to delaying handling at the concentration ranges of 104 to 107 mg.m≠3. PFA
and FEP (fluorinated ethylene propylene) materials are recommended for sampling
lines with aided special design amendments or even heating to reduce the delays
[58, 68, 67]. On the other hand, uncoated and coated glass and metals proved
consistent with the adsorptive partitioning. [26] displayed that among stainless
steel and Silonite (metal coated with ceramic to give smooth surface and minimum
adoption/absorption), stainless steel is preferred for having a fast response time. It
was observed that the passivation of metal tubing with ketone mixtures imparts a
peculiar behavior where less-volatile compounds were displacing the more volatile
compounds from the surface sites. Therefore, it is safe to say that in the less
concentrated species and in the atmosphere, this behavior of displacement might
occur.

Presence of a finite number of adsorptive sites resulted in the memory e�ect,
a phenomenon where the surface of the walls is contaminated by the gas flowing
through it and thus decreasing the detection limit of the chamber or tubing [21].
Moreover,the responses depends on concentration also make the analytical mod-
eling di�cult, As the finding shows that the delays continuously increases as the
concentration of the compounds decreases [52]. Since the gases with lower volatility
mostly remain in the equilibrium with the system, this causes the disturbance of
gas-particle owing to the delays in transport which leads to aerosol evaporation.
In order to measure the aerosol mass, oxidation-flow reactor or other systems need
the inlets. Hence the measurements can greatly be perturbed due to tubing delays
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because aerosol mass has the major chunk of lower volatility compounds [47, 58].
This partitioning phenomenon in tubing influences both aerosol and gas quantifi-
cation, stipulating the better mechanism to have representative quantification with
minimum uncertainty.

Apart from the semivolatile and intermediate volatility organic compounds
(S/IVOCs, some smaller molecules like NO3 or HNO3 also adsorb and absorb on
the surfaces, so special attention is needed for their rapid response time [46, 68,
58]. Chemical ionization mass spectrometry (CIMS) is a technique for forming ions
of the compound of interest [66] and the measurements with it can be improved
to get less delay times by adjusting the design [58, 93]. Chemical composition
and structural design of transporting tube determine how the interaction will take
place between tube and sample being transported. The chemical inclination of the
sample decides the type of chemical reaction (e.g., rate of corrosion) and binding
energy of the sample with the surface of the wall as a result of the interaction.
The surface area of the tube dictates the availability of the space for the chemical
reaction site. Smoother and mirror-like surfaces o�er less area for the reactions as
compared to coarse or rough surfaces, which provide a greater area for reaction.
Di�erent methods that a�ect the surface chemistry and roughness of the tube are
being used in the fabrication process of stainless-steel tubes that are used for sample
transport. The inner surface of such tubes is depended on the initial material used
for fabrication, type of processing technique, and post-fabrication processes [40].
Many of the manufactured tubes have surface free iron, which is a serious problem
due to its high reactivity [103]. The presence of iron and iron oxide readily invites
rapid attack and facilitates the process of corrosion and surface activity. Moreover,
the very presence of iron oxides is very friendly towards adsorption and strongly
absorbs hydrogen sulfide and water [48, 11].

For the redressing of such problems and in order to enhance the performance
of the tubing in a real-world application, these are subjected to a variety of post-
treatment. These treatments include:

• Chemical passivation.

• Electropolishing.

• Coating.

1.3.1 Chemical passivation
Passivation is a metal-finishing technique in which a thin layer is coated over

the material surface to make it more resistant to corrosion. For manufacturers
and industry standards, the ASTM A976 [96] defines the passivation of stainless
steel as: the chemical treatment of stainless steel with a mild oxidant, such as a
nitric acid solution, for the removal of free iron or other foreign matter. Chemical
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passivation and cleaning are very pertinent processes in the backdrop of surfaces
involved in corrosive or critical environments [8, 40]. Initially, this was prompted
due to the need for repairing activated areas of the welds [7].

The primary goal of this technique is to build and deposit the inert layer over
the surface of the material that maximizes the corrosion resistance, which would
act as a shield against any untoward chemical interaction to the minimum possi-
ble level. Passivation and cleaning actually expunge the adsorbed contaminants,
which facilitate the sites for corrosion that progressively turns into rough forma-
tion. The formation of the Cr/Fe layer with the higher chromium lowers the rate
of iron oxide formation. Anodic oxide film, which is coated over the surface, is
very thin in the order of 10-50 Å [81]. There is a number of physical parame-
ters which are considered for measuring corrosion-resistant surfaces, such as oxide
layer depth, Cr/Fe ratio, surface contaminant inclusions, and the surface area or
roughness. Chemical passivation enhances the ratio of chromium oxide to iron ox-
ide to a greater extent. Acid interaction has more impact with the sharp peaks
and high points than smooth surfaces. The process of passivation of the tube sig-
nificantly reduces the surface roughness. The measurement of roughness average
(Ra)iscarriedoutasmeasureofmeandeviationfromthemeanheightexpressedinmicrons(µm)[40].

1.3.2 Electropolishing
Electropolishing is an electrochemical process that removes the material from

the surface in order to polish, trim and passivate to get a smoother surface of the
metallic parts. It is the reverse of the process of electroplating [107]. This is a
specific type of process in which metallic pieces is passed in the electrolytic cell
through electrolyte where subjected metallic piece serves as an anode and attached
to the positive terminal of DC current source while the negative terminal is linked
to the cathode. Afterward, the piece to be electropolished is dipped in the special
electrolytic solution under the controlled temperature conditions [107, 23]. Gener-
ally, the electrolytes used are concentrated acid solutions having elevated viscosity,
e.g., phosphoric acid and sulphuric acid.

Electropolishing has a wide range of applicability in the metal finishing industry
due to its process simplicity and ability to accommodate the parts and equipment
of complex geometry and shape [43]. This technique has the capacity of producing
high-quality surface finished work pieces. Even plastic or press and wire-drawing
die, electrical and optical parts can take benefit from this process [72]. In order
to improve the dimensional accuracy and to relieve the surface layer stressing,
electrochemical honing of tubular holes play a pivotal role [16]. Manufacturing of
thin metal samples for the transmission of an Electron microscope also entails the
use of electropolishing due to the fact that this process does not deform the surface
layers. Ultra-high vacuum components, in order to have improved pumping speed,
vacuum pressures, and out gassing rates, use electropolishing for smoother surfaces
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[70]. Apart from the point of view of appearance, the following are the additional
advantages of electropolishing:

• A highly smooth surface having minimized adherence of particles of gas and
liquid.

• Removing oil and iron from the surfaces.

• Corrosion resistance due to increased Cr/Fe ratio and reducing the reactivity
to a greater extent.

• Creating the passive chromium oxide, which is free of iron contaminants .

• Minimization of surface stresses that leads to improved mechanical properties.

1.3.3 Coating
The coating is adding inert coating material like silicon to protect, preserve,

and enhance the performance of the material. The chemical deposition process is
employed to deposit the layer of amorphous silicon onto or into the steel surface
at temperature 400 ¶C. This process also helps in the reduction of moisture hold-
up and inertness of the surface [9]. The coating can be prepared from di�erent
materials like polymers, ceramics and glasses, and metals. However, the use of
polymers has advantages, especially in terms of lower processing and material costs
and convenient deposition techniques. Polymeric-based coatings have the problem
of relatively lower hardness and reduced thermal and chemical stability. In the
case of metallic coatings, the cost of processing and material is high. Moreover,
resistance to oxidation and corrosion is way less than that of polymers. Although
ceramic-based coatings have higher temperature and wear resistance and hardness,
having oxidation and corrosion stability yet these types of coatings require more
processing costs and as compared to polymeric and metallic coatings. Considering
all the factors discussed, silicon-based polymers appear to be the best choice in
most of the cases [10].

Deposition of coatings in the liquid state can be carried out by a number of
techniques depending upon the suitability of the method for a specific system.
These techniques include; spraying, spinning, dipping, screen printing, roll coating,
and brushing, etc. Liquid state deposition is greatly influenced by the rheology of
coating material and suspension. Therefore, rheology must be carefully controlled
to get high-quality coatings [28]. Although the depositing of silicon-based coating
in gaseous or solid form is possible yet very uncommon because processing tends to
be very costly and complicated. Plasma-assisted chemical vapor deposition (CVD)
and other types of CVD processes can be used for this type of coatings [4].
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1.4 Research objective
The objective of this work is development of methods for the quantification of

gas-wall interactions in sampling lines. Di�erent post-treatment methods greatly
improve the performance of the tubing in terms of minimizing the e�ects of inter-
actions and other disturbances, however; there still exist some sort of interactions
and loss of material as a result of these interactions. When it comes to considering
the detection and quantification of these interactions at trace levels like ppb and
ppt, these smaller interactions cannot be ignored and overlooked. Therefore, an
e�cient and reliable quantification mechanism with the lowest uncertainty is vital
while dealing with1 such a minuscule level measurement.

A quantification of equilibrium amount segregated on the material surface is
available from theoretical insight and models for few types of wall materials [36].
Equilibrium between gas mixtures and pipe walls is expected to be at a constant
ratio between potentials on the two phases expressed as an amount per unit volume
of mixture and amount per unit active surface of pipe wall [36]. Experimental
methods have been proposed in research projects [32, 88], the preliminary results
showed a very large uncertainty in theoretical previsions and a low reproducibility
in experimental data [32]. The purpose is to investigate interaction at a very low
level [88], but the risk of working at a low level is to have instability of sources
that do not allow to have reliable data on the material properties. This work is
aimed to fix a starting point of a quantitative method for the measurement of
reversible interactions, irreversible interactions, and memory e�ect before applying
the method to the low amount of substance. The novelty of the work is the proposal
of a quantitative method for reproducible measurement of interactions in sampling
lines to o�er reliable data to calculate the biases a�ecting VOC measurements.

1.5 Scope of the work
This dissertation develops a quantitative method for the measurements of in-

teractions of VOCs and surfaces of commercially available pipes usually used for
sampling. Simplified conservative quantification of the losses due to gas-wall in-
teractions in the sampling lines has been proposed; it is based on the value of an
equilibrium amount of VOC adsorbed on the pipe wall.

The novelty of this work is the proposal of a quantitative method for repro-
ducible measurement of interactions in sampling lines to o�er reliable data to cal-
culate the biases a�ecting VOC measurements. These interactions are reversible
losses during equilibrium, irreversible losses due to reaction or permeation, and
release due to memory e�ect.

An experimental set-up has been designed for the quantification of the gas–wall
interaction. A mixture containing a single VOC was flushed inside a clean test pipe.
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A fast response detector was used to retrieve the signal of VOC concentration. The
amount of VOC that interacted to the wall from the mixture was calculated from
the depletion of the signal. The maximum amount of VOC interacted per unit area
was considered as surface concentration and equilibrium constant (Ke) of VOC
adsorption on the internal surface of the test pipe, while the irreversible losses due
to reaction are calculated as mass flux J (mol·m≠2·min≠1) from the signal of VOC
in the saturated test pipe and in the bypass of the system. The released amount of
VOCs due to the memory e�ect of the pipe is calculated from the signal of air in
the bypass and test pipe after a memory e�ect.

The acetone (CH3-CO-CH3) mixture in the air at the ppm level with certified
uncertainty is used for the experiments due to the stability of acetone, its high
response on the detector, and its importance in applications. Four di�erent com-
mon materials were tested with two di�erent internal diameters at di�erent lengths
having the same surface area. The sensitivity of Ke and Kkin to the residence time
in the test pipe has been analyzed by controlling the flow rate and length of the
test pipe. The sensitivity of the method on residence time, surface area, gas veloc-
ity, temperature, and pressure has been evaluated to identify the main influencing
quantities and the limits of the applicability of the methods.

1.6 Thesis outline
Chapter 2 addresses the experimentation process and metrological characteriza-

tion of the primary system. The details about the measurements of all parameters
and devices and their working principle are explained here.

In Chapter 3, the generation process of the model is described, and the method-
ology including the definition of concepts and methods necessary for the develop-
ment of this work. A model based on the mass balance of the pipe was developed
that leads to measurand equations for mass adsorbed and desorbed and equilibrium
constant, irreversible losses, and memory release.

Chapter 4 . The results for adsobred and desorbed amount during equilibrium
(CA,e) and the equilibrium constant (Ke) with four di�erent materials are discussed.
The sensitivity of the method on di�erent parameters such as temperature pressure
records and contact time has been carried out, and corrections were made where
necessary to a reference point. The reproducibility of the method and associated
uncertainty have been calculated. A comparison of the applicability of the methods
on di�erent materials has been discussed.

Chapter 5 shows the calculations for irreversible losses and memory e�ects.
The results with two di�erent approaches for estimating the irreversible losses and
memory has been compared. The biases due to saturation have been analyzed, and
data were corrected. The e�ect of temperature and pressure has been discussed.

17



Introduction

Finally, The conclusion of the work as a summary is presented, with the contri-
butions from this research and the opportunities for the future.
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Chapter 2

Experimentation

2.1 Experimental set-up
An experimental set-up for the quantification of the gas-wall interaction has

been developed. Two sources of gases have been flushed in a test pipe or in the
bypass and analyzed in a fast response detector; the schematic drawing is shown
in Figure 2.1. The dry air, obtained from the commercial air cylinder (A), is
considered as zero air (having a negligible amount of hydrocarbons). A certified
VOC mixture in the air is supplied from the cylinder (M). The flow rates of zero-air
and VOC mixture are controlled by sonic nozzles SN1 and SN2 and regulated by
the pressure reducing valves VR1 and VR2, respectively. A 4-way valve Vs1, with
reduced surface and reduced dead volume, is used to switch the stream flowing to
the detector between zero air and VOC mixture. The change in the position of this
valve also allows measuring the pressure and flow rate of the two streams. Vs2 has
the same specifications as Vs1, and it is used to insert or removes the test pipe from
the line on which the gas is flowing to the detector.

The flame ionization detector (FID) of a gas chromatograph (Bruker GC-450)
is used for the detection of VOC in the mixture, which is leaving the setup. The
mass flow rate is measured by 100 Sml·min≠1 Bronkhorst mass flow meter (FI).
For high flow, two flowmeters are placed in parallel, of which one works as a flow
controller and the other as a flowmeter. The test pipes are insulated by polystyrene
sheet and kept at controlled room temperature ranging from 18°C to 30 °C. The
temperature of the test pipe is estimated from the measurement of resistivity of
calibrated temperature sensor Pt-100.

Pressure drop in every branch is di�erent that causes pressure spikes while
switching. This e�ect could be reduced by keeping the same pressure drop on the
vent and FID line using capillary tubes pd1 and pd2. Capillary tubes are used as
pressure drop devices which have a pressure drop much higher than pressure drop
in the pipe due to its small diameter. Pressure drop is measured by MT-110 as
di�erential pressure from the atmospheric room pressure.
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A: Zero Air Cylinder M: VOC Mixture Cylinder 
VR: Pressure  reducing valve SN: Sonic Nozzle 
VS: 4-way Switch valves Vp: Interception valve 
dp: Capillary tube FI: Mass Flowmeter 
PI: Pressure indicator TI: Temperature indicator 
FID: Detector Tube: Test tube 
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SN1 VR1 
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Vp2 Vp1 

Figure 2.1: Scheme of the experimental setup.

The system is checked periodically for leakages using the procedure described
in [89]. GC is switched ON for more than an hour to stabilize the FID signal and
temperature of the system.

At very short contact time, interactions are limited, and FID response sharply
changes from zero to VOC mixture concentration. At prolonged contact time, the
phenomenon of the interaction completes, and the system reaches equilibrium, the
solid surface is saturated by the mixture, and the FID response changes from zero to
mixture concentration with time. There is an optimal contact time corresponding
to the relaxation times of the observable phenomena. Working within the same
window of time of the interaction process maximizes the e�ect of the wall interaction
phenomena. At the optimal contact time, the FID response change has a minimal
slope. The presence of multiple slopes indicates multiple controlling phenomena.
The contact time between the pipe and the mixture is equal to the residence time
·R of each experiment. The residence time ·R of the gas stream in the test pipe
is regulated by flow rate and is considered as the ratio between internal test pipe
volume and volumetric flow rate. The uncertainty of residence time and e�ect of
influence quantities were calculated using the equation 2.1
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·R = Vtesttube

qv,g

=
fiD

2
L

4

qv,g
p0Twc

Patm+dPwT 0

(2.1)

Where D and L are the diameter and length of the test pipe, respectively. T and
P are temperature and pressure respectively; Superscript o accounts for standard
condition subscript atm for atmospheric conditions (retrieved from [99]), subscript
wc for working condition, dPwc is the pressure drop.

qv, g is the mass flow rate expressed as volumetric flow rate at standard condition
measured by the mass flow meter. 
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Configuration A: Zero air flowing in bypass,

VOC mixture flowing to vent
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Configuration B: Zero air flowing in the test

pipe, VOC mixture flowing to vent
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Configuration C: VOC mixture flowing

in bypass, zero air flowing to vent
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Configuration D: VOC mixture flowing in

test pipe, zero air flowing to vent

Figure 2.2: Device connections for monitoring the VOC mixture and zero air in
bypass and test pipe. The dotted line represents the zero air and solid line shows
the VOC mixture.

Four di�erent configurations have been designed for the experimentation based
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on the position of Valves VS1 and VS2; they are presented in Figure 2.2

Configuration A: The detector monitors the zero-air flowing through the bypass
while the VOC mixture is sent to the vent, where the flow rate of the VOC mixture
is measured by the flowmeter.
Configuration B: The detector monitors the zero-air flowing through the test pipe
while the VOC mixture is sent to the vent, where the flow rate of Zero-air is mea-
sured.
Configuration C: The detector monitors the VOC mixture flowing through the by-
pass while zero air is sent to the vent.
Configuration D: The detector monitors the VOC mixtures flowing through the
test pipe while zero air is sent to the vent.

2.2 Materials
Experiments were performed on commercial pipes 1/8ÕÕ and 1/4ÕÕ nominal diam-

eter as listed in Table 2.1; The internal diameter was measured by weighing pipes
empty and filled by water on 1m pipe length with 2cm uncertainty. As normally,
manufacturers declare the value of internal diameters without guaranteeing the un-
certainty that arises the need of proper measurement of diameter and estimation
of uncertainty. Sulfinert® coated stainless, and Copper with 1/8ÕÕ diameters were
tested while electropolished stainless steel and perfluoroalkoxy alkanes (PFA) with
diameter 1/4ÕÕ were tested that are shown in Figure 2.3.

Table 2.1: List of materials with specifications

Materials
Length u(L) OD ID u(ID)
(m) (m) (in.) (cm) (cm)

Sulfinert®
26 0.13
8.5 0.05 0.13 0.216 0.001

Copper 11.1 0.17 0.13 0.165 0.003
PFA 4.7 0.2 0.25 0.39 0.001
Stainless
steel

3 0.2 0.25 0.457 0.009

VOC mixture of acetone was chosen because of its high response and stability
on FID [97] and owing to its importance in di�erent applications [1, 89]. Acetone
has a higher molecular response and stability to FID as compared to ethanol due
to a high number of e�ective carbons [97]. VOC mixture of Acetone in air at
10ppm with 10% uncertainty is obtained from a cylinder containing certified gas
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A: Sulfinert® treated Stainless steel B: Copper tubing 

  

C: PFA tube D: Electropolished stainless steel 

 

 

Figure 2.3: List of commercially available pipes of di�erent materials.

mixture. Acetone is an oxygenated hydrocarbon that is present in the atmosphere
in significant amounts. It is a key source of HOx radicals while being transported
to the mid and upper troposphere. It is included in the list of Global Atmospheric
Watch (GAW) monitoring programs [1]. Acetone is the main VOC for silicon
deposition for electronic and photovoltaic industrial applications [89]. Acetone at
a nominal supply of 10 ppm in the air was supplied as a VOC mixture from a
certified gas cylinder with 10% uncertainty. Experiments were performed from two
cylinders of the same concentration (10 ± 0.1 ppm). The results were compared
for both cylinders; the e�ect on repeatability was negligible.

2.3 Quantification of leakages
Leakages have both direct and indirect e�ects on our measurements. This phe-

nomenon causes fluctuations in flow rate, which means changing the residence time
which we intend to calculate. Thus, it leads to errors in our final measurand. In-
direct leakages change the pressure of the system and consequently cause di�erent
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thermodynamic conditions. Besides these leakages, these spur change in response
to our signal in the sensor. For all these reasons, the leakages must be controlled
properly by measuring accurate values and performing leakage-test repeatedly over
every small change (installation of new equipment) in the system. To achieve this,
pressure decay over a known time and volume are monitored, and by dP/dt for a
known volume, we can calculate the volume losses as explained in [89].

The measure of leaks can be performed to quantify the mass loss from the volume
per unit time. Considering that the gas behaves ideally for a known volume V with
initial conditions P0,T and n0.

P0V = n0RT

Assuming negligible temperature losses after some time, the pressure and num-
ber of moles will reduce to P1,T and n1 respectively due to leakages.

P1V = n1RT

As the volume of the system remains the same so

nL = n0 ≠ n1 = V
(P0 ≠ P1)

RT

VL = V
dPleaks

Patm

QL = VL

t
= V

Patm

(P0 ≠ P1)
t

= V

Patm

dPleaks

t

(2.2)

dP due leaks are measured for a known time and known volume. If the leaks
are higher, the volume of the system is split into small segments to investigate the
leaking joints. For a known volume, the system is left for some time for stabilization
of pressure because during switching, the heat is transferred from the body of the
operator to the stored gas inside the system.

2.3.1 Injection test for volume estimation
Usually, the system is split into small segments as the actual volume of those

segments is unknown. While the volume of the segment/system is important to
estimate as it is important to calculate leakages. For this purpose, an injection
test is performed in which a known volume is injected with the help of an injection
device to the unknown volume of the system. The unknown volume of the system
of interest, i.e., a small segment of the whole set-up, is disconnected from the rest
of the system and connected to a three-way valve, as shown in Figure 2.4. One-way
it is connected to the system; second-way it is related to pressure monitoring device
PI, and third-way it is connected to an injection device. The medical syringe of 50
ml volume is used as an injection device.
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Initially, both the pressure in the system and syringe will have atmospheric
conditions. After the injection, the pressure and temperature of the system will rise.
The measurements are repeated for injection of di�erent volumes of air repeatedly,
and from the rise of pressure in the system, the volume of the system is calculated.

As the number of moles before and after injection will remain the same. Ap-
plying ideal gas law, we get equation 2.3:

Vs = PiVi

Ti

A
TsfTsi

PsfTsi ≠ PsiTsf

B

≠ Vd (2.3)

V is the amount of air in the system volume at initial system conditions Tsi
and Psi, Vi is the injected volume at initial syringe conditions Ti and Pi. Tsf
and Psf represent the system’s final conditions. Vd is dead volume considered for
the connection among the volume under measurement, the pressure gauge, and the
syringe.

 

 

System 

Injection PI 

Figure 2.4: Schematic view of injection test and 3-way valve.

2.4 Pressure measurements and validation
The measurement of pressure is important for its role in a�ecting other pa-

rameters such as flowrate residence time and also a�ecting the measurements of
leakages. For this reason, a pressure measurement device monometer Yokogawa
MT-110 is used. The di�erential pressure in the system related to the atmosphere
(room pressure) is measured. While the data for atmospheric pressure is retrieved
from [99], assuming the same atmospheric pressure throughout the city.
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The validation of the measurements is important to increase the degree of trust
on measurements. The validation of measurements can be done by:

• Measurement of a known a physical quantity.

• Comparison with measurement by another device.

For the validation, the pressure inserted due to a known height of the water column
is measured. The device is connected to a long pipe filled with water, as shown in
Figure 2.5. The other end of the pipe is closed from the atmosphere, leading to
a di�erence in water level. The pressure measured in the device will be double of
pressure calculated from the di�erence of water level as:

PP I = 2 · flg(dh)

The pressure measured in the system was higher than the pressure calculated for
all the flowrate due to joints/valves and bending. A detailed study was performed
to understand the pressure drop in every part of the system and factors a�ecting
the pressure in the system.

  
 

dh 

 
PI 

Figure 2.5: Scheme for pressure monitor validation.

26



2.5 – Flowrate measurements and validation

2.5 Flowrate measurements and validation
Measurement of flow rate is important for two reasons. Firstly, it a�ects the

residence time, and secondly, it a�ects the response of the FID signal. Brooks and
Bronkhorst flowmeters with high-pressure drop and lower pressure drop are used
with a maximum flow rate of 100 sml/min. For higher flow rates, both were used
in parallel, in which one acts as a flow controller and the other as a flowmeter.

For validation of the measurements, all the three devices are interconnected by
measuring flowrate arranging them in series and in parallel. The measured value of
flowrates was also compared with flowrates estimated from sonic nozzles as at sonic
condition; sonic nozzle allows a certain flow at known supplied pressures. Figure 2.6
shows measurements with all the three devices connected in parallel to each other
and connected in series to the sonic nozzle. The relative di�erences are plotted
against the average values of the flow rates measured with all the three devices.
Since Brooks and low pressure Bronkhorst (Bronkhorst LP) both have almost the
same pressure drop; both devices have almost the same measurement with some
variation and quite di�erent with the High pressure Bronkhorst (Bronkhorst HP)
flowrater. The relative di�erence decreases from 27% for Brooks and 8.5% for
Bronkhorst HP to 7% and <1% respectively with 50 Sml·min≠1 rise in flow rate.

A comparison of flowmeters was performed by connecting all the flowmeters in
series; It was noticed that Brooks and Bronkhorst (LP) have a 0.5-1% di�erence at
di�erent flow rates while Bronkhorst (HP) always measures lowers by 1-2%.
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Figure 2.6: Comparison of measurements of flowrate with three di�erent devices.
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2.6 Temperature measurements
The measurement of accurate and representative temperature is a challenging

task, as the temperature is a�ected by many factors. In a short time (minutes),
the temperature is a�ected by the FID combustion and the vicinity of the body
of the operator to the sensor. This short-term fluctuation is minimized by an
insulation box prepared from polystyrene, which has a thermal conductivity of 0.033
W·m≠1·K≠1. However, there is still some degree Celsius variation in temperature
of the test pipe, which is considered as uncertainty to our measurements.
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Figure 2.7: Temperature correlation model for Pt-100.

In medium time duration (hours), the temperature is a�ected by daily fluctu-
ations, as reported in Figure 2.8. In long duration (days or months), the yearly
fluctuations of temperature cause changes in making measurements at unique con-
ditions. As the air and VOC coming from the cylinder are placed outside of the
room at ambient temperature, the accurate measurements of representative tem-
perature are important due to its e�ects on the flow rate. The gas expands at a
higher temperature and thus changes the residence time inside the pipe.

For the measurement of temperature, two Pt-100 platinum resistance thermome-
ters (Pt-100 and Pt-100 mini) are used, which have 100 � resistivity at 0°C. The
resistivities are measured, and the corresponding temperature is calculated using a
correlation model. For PT100-mini, the data were measured in National Institute
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of Metrological Research (INRiM) and certified, while for Pt-100, the measure-
ments for correlation were performed in a di�erent controlled temperature of the
natural water using the hake 007 temperature controller in order to measure the
same temperature by both the sensors.The temperature of the water is measured
by Pt-100 mini and the same temperature is used for regression of model for Pt-100
sensor which are reported in Figure 2.7. The regression over measured data can
be made in two ways; one is to consider the linear relationship and the other to
consider the polynomial model. However, the error in the case of linear was higher
than second degree polynomial model. Therefore, the second degree polynomial is
the best model for correlation and temperature estimation.
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Figure 2.8: Daily temperature fluctuation measured by both sensors placed in the
air.

2.7 Diameter measurements
Diameter is another important parameter that a�ects the uncertainty of our

measurand in three di�erent ways. First, it a�ects the volume and thus residence
time; second, it changes the contact area of the pipe; third, it a�ects the Reynolds
number and thus flows pattern. Usually, pipe diameter is declared by the manufac-
turer, but their degree of confidence is not guaranteed, some manufactures give 2%
expanded uncertainty, but this 2% is very high as it is the most critical parameter
for measurement. For this purpose, the measurement of diameter is performed by
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measuring the volume inside the pipe. The measurement of volume can be done in
two di�erent ways, either by gas injection or by liquid injection. In gas injection, a
known volume of air is injected into the pipe, and from the measurement of pressure
change, the volume of the pipe is estimated, and thus the diameter of the pipe.

The liquid injection can be done in di�erent ways, such as the pipe with both
ends closed is placed inside a jar of water. The level is noticed, then water is
allowed to enter the pipe by opening the ends, and the water level is read again.
The di�erence of level will be the inner volume of the pipe. Another way is to weigh
the pipe empty and then to fill it with water and weighing again. The di�erences
of masses will be the mass of water inside the pipe, and then using a density of
water, the volume of water inside the pipe is calculated, which is the volume of the
pipe.

As the pressure measurement is a�ected by temperature and leakages, therefore
the liquid injection was chosen for this study. The mass of the empty pipe and filled
with water were measured repeatedly with the help of an electronic balance scale
able to read until four digits. The diameter of the pipe was calculated for Sulfinert
® , copper, and PFA tubing using the following equation 2.4 with uncertainty lower
than 0.5%, while for Stainless steel the declared value of diameter by manufacturer
were considered.

D =
Û

4 (mfill ≠ mempty)
fiLfl

(2.4)

where D is the measurand diameter of the pipe having length L, mfill is the
mass of the pipe when filled with water and mempty is the mass of pipe when clean
from water, fl is the density of water. Uncertainty budget is applied to equation
2.4, and the e�ect of influence quantities are approximated as shown in Table 2.2
for the estimation of diameter of PFA.

Table 2.2: Uncertainty budget of the diameter of PFA

X x [X] u(x) u(x)/x dM/dx=Ci c2u(xi)2 Is
Density 0.997 g/ml 2E-04 0.02% -1.96E-01 1.67E-09 <0.1%
mass filled 85.26 g 0.013 0.02% 2.51E-02 1.10E-07 20%
mass empty 77.47 g 0.03 0.04% -2.51E-02 5.49E-07 100%
Length 65.2 cm 0.2 0.30% -2.99E-03 3.58E-07 65%
Diameter 0.39 cm 0.001 0.26% 1.02E-06
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Chapter 3

Methodology

Gases, when they come into contact with solid surfaces, they interact through
adsorption, desorption: permeation, di�usion, electrostatic forces, and gravitational
settling [63]. The adsorption and desorption of over the surfaces are the sum of
collective phenomena in series and/or parallel [62]. Volatile organic compounds will
adsorb on contact surfaces, used for gas sample storage, gas standard preparation,
transport, and analysis. These interactions are problematic for all VOCs. The
measurement of oxygenated VOCs (OVOCs), like ethanol and methanol, is very
challenging as these gases strongly interact with various metal surfaces, including
stainless steel (usually used sampling lines or pressure regulators) and aluminum
(used in gas cylinders). These interactions depend on thermodynamic properties
and nature of the VOC, the properties of the wall, the VOC concentration, tem-
perature, humidity, and air velocity [112].

Generally, molecules leave first the bulk of the fluid to reach the surface, then
bind to the surface, move on the surface, and eventually move through the material
pores. Desorption is the opposite pathway. Every single phenomenon takes place
locally with an extension and a direction depending on the gradient of the free
energy. When the gradient of free energy is null, phenomena are at equilibrium.
Being or not at the equilibrium is time depending. Each phenomenon has its own
relaxation time [80]. The observation leads to three di�erent scenarios depending
upon contact time and relaxation time.

(a). Relaxation time

contact time
< 1

When the mixture of gases is leave for long time contact so that it has higher
contact time than relaxation time of gas mixture and material. equilibrium estab-
lishes and the phenomenon become time independent.

(b). Relaxation time

contact time
= 1

When the relaxation time has the same order of magnitude of relaxation time,
the phenomenon can be described as a kinetic model. This model, too, depends on
time.
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(c). Relaxation time

contact time
> 1

When the mixture of gases is leave for very short contact time so relaxation time
of the phenomenon is much higher than contact time of gas mixture with material.
The equilibrium is not established and the phenomenon is time dependent.

Langmuir adsorption

The best-known model is the Langmuir adsorption isotherm developed by Amer-
ican chemist Irving Langmuir in 1916. Langmuir isotherm was developed for mono-
layer adsorption onto a surface containing a finite number of identical sites. The
model assumes uniform adsorption energy onto the surface and no transportation
of analyte in the plane of the surface. All assumptions are very well describing in a
situation where a low concentration occurs in the gas and less amount of adsorption.

The fraction of the surface sites covered by a molecule of VOC (C(A,V OC) is
given by [37]:

CA,V OC =
KV OC

eq
pú

V OC

1 + KV OC
eq

pú
V OC

=
KV OC

eq
xú

V OC
P

1 + KV OC
eq

xú
V OC

P
=

KV OC

eq
Cú

V OC
RT

1 + KV OC
eq

Cú
V OC

RT
(3.1)

Using Dalton law, partial pressures can be substituted by molar fractions to di-
rectly accounting for the chemical potential of VOC. Applying Ideal gas law, which
stated as:

PV = nRT so xV OC = CV OCRT

P
or CV OC = ‰V OCP

RT

CA,V OC is the adsorbed amount of VOC per unit area of available solid surface;
pú

V OC
is the partial pressure of VOC in the mixture at equilibrium with the surface;

xú
V OC

is the molar fraction of VOC in the mixture at equilibrium with the sur-
face. KV OC

eq
is the ratio of forwarding adsorption reaction and backward desorption

reaction constants at equilibrium, KV OC

eq
is usually calculated by regression of ex-

perimental data of isothermal adsorption or from the properties of surface material
and VOC molecules [37].

At very low concentration ppb-ppt level where pA

P

≥= 10≠9 or KV OC

eq
pV OC << 1

so equation 3.1 is reduced to equation 3.2.

CA,V OC = KV OC

eq
pú

V OC
= KV OC

eq
xú

V OC
P = KV OC

eq
Cú

V OC
RT (3.2)

In such situation the behavior between pressure and CA,V OC is a linear and thus
can be easy for calculations. this approach has been through experimentation by
[59].
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3.1 – Definition of system

A simplified Ke = KV OC

eq
RT is considered can be written as ratio of the Actual

concentration of the VOC and arial surface concentration equation 3.3

Keq = xú
V OC

P

CA,V OCRT
= Cú

V OC

CA,V OC

(3.3)

A model to predict the VOCs interacted with wall solid surfaces is developed to
give a methodology for measurements of these interaction. The maximum amount
interacted per unit surface area CA,V OC during equilibrium or CA,e is calculated
from the mass balance over the pipe and hence equilibrium constant Ke. The
irreversibly reacted mass (J ) and release mass due to memory (M ) are calculated
over mass balance on saturated and clean pipe, respectively.

3.1 Definition of system
To have a clear understanding of these interactions we need to consider our

system precisely for these interactions. Tubing proved to be far better option for the
determination of gas-surface interaction owing to the minimal e�ect of variations
in buoyancy and turbulence in the transport [52]. For the sake of simplicity, a
cylindrical pipe is consider as shown in the Figure 3.1. The pipe surface is smooth
thus the area of contact will be the geometrical area of pipe. Length and diameter of
pipe must have a low uncertainty with significant Index (SI) < 1% as it contributes
to our measurements.
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determination of gas-surface interaction owing to the minimal effect of variations 
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Figure 10: Scheme of Mass balance over a test tube 

3.2 Amount of VOC adsorbed and equilibrium constant. 

The Measurand CA,e is defined as “The amount of VOC adsorbed per unit area of 
wall at equilibrium” it can be calculated by mass balance using the information 
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Figure 3.1: Scheme of mass balance over a test pipe.
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3.2 Amount of VOC adsorbed and equilibrium
constant

The measurand CA,e is defined as “The amount of VOC adsorbed per unit area
of wall at equilibrium” it can be calculated by mass balance using the information
about the mixture entering and leaving the test pipe. The amount leaving the test
pipe per unit time (qV OC,out mol·min≠1) is lowered from the amount entering the
test pipe per unit time(qV OC,in ,mol·min≠1) by the amount in moles adsorbed on
the wall (dnV OC,wall) while the mixture is passing through the test pipe.

qV OC,in = qV OC,out(t) + dnV Oc,wall(t)
dt

C
mol
min

D

(3.4)

The measurand (CA,e) can be calculated as the integral by parts on time of the
di�erence between the amount entering (qV OC,0) and leaving (qV OC,L) the test pipe
per unit time. The time interval is from clean pipe (t0) to saturated pipe (tŒ).
The amount is referred to the unit surface area (A) of the wall.

CA,e = nŒ

A
=

⁄
tŒ

t0

qV OC,in ≠ qV OC,out(t)
A

dt

CA,e = qV OC,in

A

⁄
tŒ

t0

A

1 ≠ qV OC,out(t)
qV OC,in

B

dt
(3.5)

The areic amount of VOC at the equilibrium is thus the sum (nŒ) of all the
aliquots of VOC adsorbed on the wall (nV OC,wall) moment by moment from the
beginning of the exposure till the equilibrium, theoretically till infinitive time (tŒ).

The amount of VOC entering the test pipe (qnV OC ,in, mol·min≠1) is indepen-
dent of time, and it can be calculated as:

qV oc,in = qv,gCV OC,in = qo

v,g
‰V OC

P o

RT o
(3.6)

Where CV OC,in (mol·ml≠1) is the mole concentration, i.e., amount concentration,
of VOC and qV g,in (ml·min≠1) is the total volumetric gas flow rate feeding the test
pipe; V OC (mol·mol≠1) is the mole fraction, i.e., the amount fraction, of VOC in
the mixture and qV 0g (Sml·min≠1) is the total standard volumetric gas flow rate
(0 °C, 1 bar), its value is practically uniform along the test pipe, i.e., the amount
of VOC segregated at the wall is negligible with respect to the total amount flow
rate; T° (K) and P° (kPa) are the temperature and pressure at standard conditions
(0 °C, 1 bar) and R (L·atm · K≠1·mol≠1) is the gas constant. While the ratio
between the amount flow rate of VOC entering and leaving the test pipe can be
expressed as the dimensionless mole fraction of VOC (’) as long as the total mole
flow rate accounted as standard volumetric flow rate (qV 0g) is uniform along the
test pipe (in other words as long as the amount of VOC adsorbed is negligible with
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3.2 – Amount of VOC adsorbed and equilibrium constant

respect to the total amount of gas). A baseline signal of FID is related to several
e�ects, and to account for all the possible e�ects, clean air has been flushed in the
system [29]. FID signal shift from the baseline is proportional to the total amount
of carbon burned in the flame in the unit time, and the response factor is proper
of each substance mainly based on the molecular formula [29]. This quantity can
be calculated from the signal as:

’(t) = q(Voc,out )

q(VOC,in )

= ‰(Voc,out )

‰(Voc,in )

= St ≠ SAir

SV OC ≠ SAir

(3.7)

Where S (mV, in the case of FID) is the signal from the detector when flowing
the Zero Air (SAir), the VOC Mixture from bypass (SV OC), the gas coming from
the test pipe at time t (S(t)), equation 3.8 is the final shape of the measurand
equation, where ’ is calculated from equation 3.7 and qV OC ,in is calculated from
equation 3.6.

CA,e =
qo

v,g
‰V OC

A

P o

RT o

⁄
tŒ

t0

3
1 ≠ St ≠ SAir

SV OC ≠ SAir

4
dt

C
mol
m2

D

(3.8)

The equilibrium constant Ke [m] can be calculated using equation 3.3 after
calculating CA,e or directly by re-shaping equations 3.3 and 3.8 considering the
surface area of the pipe as the contact area of the test pipe.

Ke =
qo

v,g
· P o · T

fiDLT o (Patm + dPwc)

⁄
tŒ

t0

3
1 ≠ St ≠ SAir

SV OC ≠ SAir

4
dt

C
mol
m2

D

(3.9)

During the adsorption (from t0 to tŒ), the ideal plug flow (’ = 1) is shifted to
the actual dimensionless mole fraction (’(t)) because of adsorption, the integral of
the di�erence (1 ≠ ’(t)) between the ideal dimensionless mole fraction. The actual
one is the amount of adsorption e�ect in the test pipe.

Procedure for equilibrium constant (Ke)

The procedure is aimed to realize the ideal conditions at which the measurand is
realized. The pipe must be cleaned and then exposed to the VOC mixture at a time
interval; after saturation, the pipe is cleaned again, and the second measurement
of desorption is performed. For cleaning the pipe, scenario B is set till the signal is
stabilized at SZeroAir.

After cleaning the test pipe, the pipe is maintained clean while the device is
saturated with VOC (switch to scenario A first and then scenario C) till the signal
is stabilized at SV OC,mixture for the mixure. In these conditions, the pipe is exposed
to a VOC mixture (switch to scenario D) till the signal is stabilized at SV OC,mixture

for mixture again.
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Table 3.1: The sequence of configurations on measurement.

switch Valve SŒ Test
Pipe

Gas Operation and Ef-
fects

B SAir In Clean Zero Cleaning device and test
pipe till Flat signal

BæA Vs2 SAir O� Clean Zero Spike (ts1) at switch
AæC Vs1 SMix O� Clean VOC Spike (ts2) at switch, tu0,

Saturating device

CæD Vs2 SMix In Sat. VOC
Spike (ts3) at switch
Signal depletion (td1) af-
ter a device residence
time
Spike (ts4) after test pipe
residence times tu1

DæC Vs2 SMix O� Sat. VOC Spike (ts5) at the switch,
Cleaning device

CæA Vs1 SAir O� Sat. Zero Spike (ts6) at switch td0

AæB Vs2 SAir In Clean Zero
Spike (ts7) at the switch
Signal increase (tu2) af-
ter a device residence
time
Spike (ts8) after test pipe
residence times, td2
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Figure 3.2: FID signal during measurement, spike times of events from Table 3.2
are reported at the boxes which zoom on the signal. Experimental raw data for the
sample Sulfinert®A at 100 SmL/min, 6 repeated experiments

The procedure reported in Table 3.1 and shown in Figure 3.2 as the sequence
of scenarios and switches performed during a single measurement the process is
completed till desorption. The characteristic time corresponding to Figure 3.2 is
reported in Table 3.2.
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Table 3.2: Correspondence of signal times with residence/contact times, box refers
to figure 3.2

Time Box Event Characteristic Time
Spike ts1 1 BæA switch
Spike ts2 1 AæC switch
tu0 1 VOC Mixture reaches

FID
tu0 ≠ ts2 Residence time
from Vs1 to detector no test
pipe

Spike ts3 2 CæD switch
td1 2 Air entrapped reaches

FID
td1 ≠ ts3 Residence time
from Vs2 to detector

Spike ts4 3 VOC Mixture reaches
FID without VOC (all
adsorbed on the wall)

·r = ts4 ≠ td1 Residence
time in test pipe

tu1 3 VOC starts to overpass
pipe

Delay of VOC appearance

Spike ts5 4 DæC switch
Spike ts6 4 CæA switch
td0 4 Zero Air reaches the

FID
td0 ≠ ts6 Residence time in
the device without test pipe

Spike ts7 5 AæB switch
tu2 5 VOC Mixture en-

trapped reaches FID
tu2 ≠ ts7 Residence time
from Vs2 to the detector

Spike ts8 6 Zero Air reaches FID ·r = ts8 ≠ tu2 Residence
time in test pipe

td2 6 VOC starts to overpass
pipe

Delay of VOC disappear-
ance

Experiments can be designed by allowing the gas mixture and air in di�erent
sequences for measurements and obtaining the data of our interest. FID of gas
chromatograph GC-450 is used as a detector. FID is turning on for some time
to get a stable response of FID. The experiment is arranged by di�erent steps of
switching valve VS1 and VS2. The objective is to use less gas and perform the test
in the least possible time with maximum stability.

3.3 Determination of irreversible losses
Gases when come into contact with metals they reacted sharply, and reach an

equilibrium. In some materials like PFA, the losses due to permeation are a major
concern for sampling. These losses were calculated based on the di�erence of the
response signal in test pipe and bypass after the equilibrium. The signal in the
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3.3 – Determination of irreversible losses

test pipe had a value lower than that of the signal in bypass; this is due to either
irreversible reaction or permeation. The permeation can be explained by Fick’s law
of di�usion.

J = ≠Dj

dÏ

dx
(3.10)

Where J is the mass flux per unit area per unit time escapes from pipe due to
permeation. Dj is the di�usivity coe�cient, dÏ is the concentration gradient over
the thickness dx of the pipe. The mass escapes per unit time per unit area (J ) is
measured by two di�erent approaches.

In first approach, the di�erence of the signal is measured from the signal of a
saturated pipe and bypass SV OC,in and SV OC,out as shown in the first part of Figure
3.3 as dimensionless concentration ’. The mass flux (mass per unit area per unit
time) is calculated from the di�erence of [qV OC,in-qV OC,out (t)] as mol·min≠1.

dnvoc

dt
= q(V oc,in) ≠ q(V OC,out) (3.11)

J = dnvoc

A · dt
= CV ocqvg

A

A

1 ≠ qvoc,out

qvoc,in

B

=
qo

v,g
‰V oc

A

P o

RT o
(1 ≠ ›(t)) (3.12)

The second approach calculates the average losses using the integral of the curve.
The mixture is stored in the test pipe, and the response in bypass is observed
as maximum concentration. The stored mixture loses the concentration due to
reaction, leading to a depletion of the stable curve, as shown in Figure 3.3. The
approach helps in measuring the irreversible losses even for materials where these
losses are very negligible. For example, the di�erence of signal in test pipe and
bypass is very hard to measure with Sulfinert ® pipe. But if we leave the test pipe
for a time, a depletion in signal is observed that can be measured by the integral
of the curve.

From the integral of curve starting from tb1 to tb2, we calculate the mass escapes
due to permeation or irreversibly reacted per unit area over a time ”t= ts3-ts1 as
mass flux J using equation 3.13:

J = ‰voc

q
o
v ·P o

RT o

�
tsr2
tb1

[1≠›(t)]dt+
q

tb2
tsr2

[1≠›(t)]dt

A(ts3≠ts1)

J = ‰voc

q
o
v ·P o

RT o

q
tb2
tsr2

[1≠›(t)]dt

A(tsr3≠ts1)

(3.13)

�ts2
tb1 [1 ≠ ›(t)]dt This part of the integral is [› ≠ › = 0] over time as the signal of

VOC in the bypass.
If the phenomenon is purely di�usion, the di�usivity constant Dj can be calcu-

lated using Fick’s law.
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Figure 3.3: Model for irreversible losses in pipes, PFA 100Sml·min≠1.

Dj = ≠J
dx

dÏ
= qv

q
b2
ts2 [1 ≠ ›(t)]dt.dx

fiDL (tsb2 ≠ tsb1)
(3.14)

Here dÏ is the concentration gradient assuming outside concentration is null.
dÏ becomes CV OC . The di�usivity constant Dj [mol·m≠1·min≠1] can be compared
between di�erent materials.

3.3.1 Procedure for irreversible losses
From the analysis of VOC signal in bypass and in the test pipe, the irreversible

losses can be calculated. For this purpose, the system is left for saturation in bypass
and pipe to reach equilibrium. Once the equilibrium establishes in the phenomenon
D, the switch from phenomenon D to C is made switch tsr1 (and ts4 in Figure 3.2 to
analyze the signal in bypass. After a known storage time in which the irreversible
interactions continue to occur, the switch from C to D is made to observe the
depletion due to reaction/permeation. The sequence of scenarios while switching
is reported in Table 3.3.
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3.4 – Determination of mass release due to memory e�ect

Table 3.3: Sequence of scenarios during irreversible losses estimation

Time Event Characteristic Time
Spike ts1 DæC switch
tb1 VOC starts to overpass pipe tb1 ≠ ts1 Residence time from

Vs1 to detector no test pipe
Spike ts2 CæD switch
td1 VOCs entrapped reaches FID td1 ≠ ts2 Residence time from

Vs1 to detector no test pipe
tdp1 Fresh VOCs reaches FID ·R =td1 ≠ tdp1 Residence time

of test pipe
Spike ts3 DæC switch
tb2 VOC starts to overpass pipe tb2 ≠ ts3 Residence time from

Vs1 to detector no test pipe

The experiments are repeated many to at di�erent storage times. The repro-
ducibility over di�erent residence times has been observed by repeating the mea-
surements.

Another approach is the quantification of the di�erence of signal, which is pro-
portional to the mass irreversibly interacted to the pipe either by reaction or per-
meation, di�usion. For this purpose, the signal in pipe phenomenon D is observed,
and the signal of VOC at bypass phenomenon C is measured for a period to observe
a stable signal.

3.4 Determination of mass release due to mem-
ory e�ect

Gases upon contact with surfaces reacted sharply, and reach a reversible and
irreversible equilibrium. Upon flushing, with the clean air (B), the reversible masses
are released instantly, while the irreversible losses are subject to many factors,
including the type of materials. In some materials like PFA and Stainless steel,
the memory e�ect is a major concern for sampling. These mass releases due to
memory e�ect were calculated based on the di�erence of the response signal in pipe
and bypass after the cleaning of the test pipe (B). Due to VOC release, the signal
of air in the test pipe had a higher value than that of signal in bypass; this is due to
either reversible mass not completely released or due to memory e�ect. The mass
released due to memory can be calculated using two di�erent approaches.
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In first approach, the di�erence of the signal is measured from the signal of a
cleaned pipe and bypass SAIR,in and SAIR,out as shown in Figure 3.4 as dimensionless
concentration ›. The mass flux is proportional to the [qin(t)-qout (t)].

dnvoc

dt
= q(V oc,out) ≠ q(V oc,in)

M = dnvoc

A·dt
= CV OCqvg

A

Ë
qvoc,out

qvoc,in

≠ 1
È

= q
o
v,g‰V oc

A

P
o

RT o [›(t) ≠ 1]
(3.15)

The second approach calculates the average release using the integral of the
curve. The air is stored in the cleaned pipe, and the response in bypass is observed
as air concentration. This approach helps in estimating the release with materials
having a small memory e�ect. The stored air capture, the mass of VOCs, is released
due to the memory e�ect, which leads to a rise of stable curve upon arrival to FID,
as shown in Figure 3.4.
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Figure 3.4: Model for memory e�ect in pipes, PFA 100Sml·min≠1.

From the integral of this area, we calculate the mass releases due to permeation
per unit area as mass flux M using equation 3.21.

M = CV OCqvg

q
tsm2
tbm1 [0 ≠ ›(t)]dt

fiDL. (tbm2 ≠ tbm1)
= ‰voc

qo

vg
· P o

RT o

q
tsm2
tbm1 [0 ≠ ›(t)]dt

fiDL (tsb2 ≠ tsb1)
(3.16)
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3.4.1 Procedure for memory release
From the analysis of air signal in bypass and in test pipe cleaned after the

saturation, the mass releasing due to memory e�ect can be calculated. For this
purpose, the system is left for cleaning in bypass and pipe to reach equilibrium.
Once the equilibrium establishes in phenomenon B, the switch from phenomenon
B to A is made to analyze the air signal in bypass. After a known storage time
in which the irreversible interactions continue to occur, the switch from A to B is
made to observe the release of VOCs due to the memory e�ect. The experiments
are repeated many times to observe at di�erent cleaning times. The sequence of
scenarios while switching is reported in Table 3.4. The reproducibility over di�er-
ent residence times has been observed by repeating the measurements at di�erent
lengths for di�erent materials.

Another approach is the quantification of the di�erence of signal, which is pro-
portional to the mass release due to memory from the pipe. For this purpose,
the signal in pipe phenomenon B is observed, and the signal of air at bypass phe-
nomenon A is observing for a period to observe a stable signal.

Table 3.4: Sequence of scenarios during memory release flux (M ) estimation

Time Event Characteristic Time
Spike
tsm1

BæA switch

tbm1 AIR starts to overpass pipe tbm1 ≠ tsm1 Residence time
from Vs1 to detector no test
pipe

Spike
tsm2

AæB switch

tu1 Air entrapped reaches FID tu1 ≠ tsm2 Residence time
from Vs1 to detector no test
pipe

tup1 Fresh VOCs reaches FID ·R =tu1 ≠ tup1 Residence
time of test pipe

Spike
tsm3

BæA switch

tbm2 AIR starts to overpass pipe tbm2 ≠ tsm3 Residence time
from Vs1 to detector no test
pipe
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3.5 Bias corrections
3.5.1 Bias correction for air inside the pipe

The main source of bias comes from the presence of a volume of zero air en-
trapped in the pipe at switch CæD. The first e�ect of zero air entrapped is to
create a depletion in the signal, which modifies the integral (I ) of dimensionless
mole fraction (›) by a quantity that is theoretically equal to the residence time (I
= (›Mix ≠ ›Air) ·R = (1≠0)·R = ·R)). The e�ect started when the air entrapped
reaches the FID (td1) and has a duration equal to the residence time (·R = ts4 ≠
td1). The second e�ect is the desorption from the part of the device that connects
the test pipe to the detector. This part is saturated by VOC at the VS2 switch
time. The e�ect acts while the air entrapped in the pipe at the VS2 switch time
(ts1) is crossing that part of the system. The second e�ect starts to act when the
air entrapped reaches the FID (td1), i.e., the VS2 switch time plus the residence
time in the part, and has a duration equal to the residence time in the test pipe (·R

= ts4 ≠ td1). A third e�ect is the adsorption of the same part of the system that is
saturated again while the signal raises up. The third e�ect starts to act when the
gas mixture reaches the FID detector after the VS2 switch (ts4) and is persisting
till saturation of the part. The second and the third e�ects are equal and opposite.
This results in a bias on the integral. This bias can be corrected by subtracting by
two di�erent approaches.
A: Subtracting the residence time:

In approach A, the residence time in the test pipe is subtracted from the total
integral, which leads to equation 3.17 and as illustrated in Figure 3.5. This approach
is working with all tested materials.

I =
⁄

tŒ

t0
[1 ≠ ’(t)]dt ≠ ·r =

⁄
tŒ

t0
[1 ≠ ’(t)]dt ≠ tres = It ≠ tres (3.17)
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 Figure 3.5: Approach A for bias correction: Lined area represents residence time,

while black area represents net integral.

The residence time is the ratio of volume and flowrate while. The flow rate is
measured as molar flow expressed in Sml·min≠1. This leads to the final equation for
CA,e can be written as equation 3.18 explicitly for molar fraction using the equation
for residence time.

CA,e = ‰V oC

R

A
qo

vg
P oIt

fiDLT o
≠ D (Patm + dPwc)

4Twc

B C
mol
m2

D

(3.18)

The equilibrium constant Ke can be calculated directly using the CA,e value or
using the equation 3.18 for obtaining equation 3.19 for Ke:

Ke =
qo

vg
P oTwcIt

fiDL.T o (Patm + dPwc)
≠ D

4 [m] (3.19)

B: Splitting the integral:
In the other approach B, the bias can be corrected by splitting the integral in
desorption in the interval for bypass and adsorption in the interval for the test
pipe. The desorption mitigates the depletion of the signal from the part of the
device that connects the test pipe to the detector, and the mitigation is restored
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by adsorption when the signal raises up. This e�ect can be clearly visible in data
obtained with all metallic pipes. The bias can be corrected by the summation of
each separate integral for adsorption and desorption as shown in Figure 3.6 black
and red, respectively, leading to equation 3.20

I =
⁄

tS4

tD1
[0 ≠ ’(t)]dt +

⁄
tŒ

tS4
[1 ≠ ’(t)]dt = Ides + Iads [min] (3.20)	 

  

 
 Figure 3.6: Method B for calculating the integral: Red area represents the desorp-

tion of bypass, and black represents the adsorption over the test pipe.

The second approach was much more reproducible and was used in this work.
The measurand equation with approach B bias correction can be written for molar
fraction explicitly and signal as equation 3.21:
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2 (3.21)

while the measurand equation for direct estimation of Ke can be written as:
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Ke = q
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2 (3.22)

The same reasoning can be applied to the desorption section of the experiment to
calculate the areic desorbed amount corrected for the bias that comes from the VOC
mixture entrapped in the pipe at switch AæB to calculate the measurand. During
the adsorption interval (from tu2 to ts8), the gas entrapped in the pipe at ts5 adsorbs
the VOC to the connection between the test pipe and the detector and modifies
the dimensionless mole fraction from the ideal VOC mixture (› = 1) entrapped to
the actual dimensionless mole fraction (›), the integral of the di�erence (1 ≠ ›)
between the ideal dimensionless mole fraction, and the actual one is the amount of
adsorption e�ect in the connection between the test pipe and the detector. While
in the desorption interval (from tS8 to tŒ), the ideal zero air plug flow (› = 0) is
shifted to the actual dimensionless mole fraction (›) because of the desorption, the
integral of the di�erence (0 ≠ ›) between the ideal dimensionless mole fraction,
and the actual one is the amount of desorption e�ect in the test pipe and in the
connection between the test pipe and the detector. The sum of the two integrals is
the desorption e�ect in the test pipe only.

I =
⁄

tS8

tu2
[1 ≠ ’(t)]dt +

⁄
tŒ

tS8
[0 ≠ ’(t)]dt = Ides + Iads [min] (3.23)

the mass desorbed from the unit surface area, and the equilibrium constant can be
calculated using equation 3.24.
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3.6 Experimental biases
Actual measurements are often quite di�erent from than above discussed ideal

methodology. There are many factors a�ecting our measurements. Other possible
sources of bias are the interactions with di�erent parts of the system. Valves and
pressure reducers are the main sources of uncertainty. Valves have internal surfaces
uncoated that can react with Acetone, reducing the accuracy of the method. Pres-
sure reducers have membranes that can release substances that interfere with the
detector signal. A detailed analysis of all experimental biases is discussed in the
sub sequent section.
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3.6.1 Instability of FID and system saturation
The electronics of the gas chromatograph need a certain time to stabilize the

signal of FID. This a�ects the signal of air and VOCs and thus a�ects our final
calculations of the equations 3.21,3.22, and 3.23. In some cases, especially at the
lower flow rate, this e�ect is evident. The signal of FID rises over time, and this
may take hours for the detector to completely stabilizes. The same e�ect can occur
due to the saturation of the system. Initially, when the system is not saturated,
some VOCs are going to interact over the parts of the system and detector. After
the saturation, the signal becomes stable and flat. For the zero gas, the e�ect of
instability of FID is relatively lower. However, the cleaning of bypass a�ects the
signal contrary to the saturation in the case of VOC mixture the signal will drop
continuously with time.

The stability of the signal of zero air and VOC mixture depends on the time
of operations and the stability of electronics and the joints and fittings in the line
that can be seen in Figure 3.7. The stability of air signal (zero lines) depends on
the purity of zero air and working conditions [30]. The signal with the mixture
is rising with time with some fluctuation after initial stabilization, as seen in box
2 of Figure 3.7. The di�erence of signal in bypass and test pipe is reducing over
time indicates the saturation and establishment of equilibrium. After the complete
establishment of equilibrium, the di�erence is due to the irreversible reaction or
permeation that can be calculated after the complete establishment of equilibrium.

The rise of the curve over time in the pipe, as shown in Figure 3.7, is combined
with the e�ect of saturation of the test pipe. The device’s saturation and stability
can be estimated by observing the signal in the bypass at di�erent times from the
start of the experiment. Figure 3.8 shows the signal in bypass with two di�erent
flow rates at three di�erent groups of time from the start. The signal was quite
reproducible for all the flow rates with a variation due to flow rate. The signal
variation due to flowrate fluctuation was higher for the high flow rate, but a signal
of FID was stable and reproducible and vice versa for the lower flow rate.
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Figure 16 : Stability of Signal for zero air and VOC mixture during an 
experiment on Sulfinert® at 32Sml/min flowrate. 
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Figure 3.7: Stability analysis of signal with zero air and VOC mixture during an
experiment on sulfinert® at 32Sml·min≠1 flowrate.	 

  

 
 Figure 3.8: Signal for zero air and VOC mixture in bypass during 100Sml·min≠1

flowrate (shown in black) and 9 Sml·min≠1 shown in (blue). The intensity repre-
sents the distance from the saturation point.
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The mean value of a stable signal over two minutes is considered for zero air
and for VOC mixture as representative signal values, respectively. The signal is
considered stable if the dS/dt Æ 100mV.min≠1. Where dS is the di�erence of
averages of signal over ds= 2 minutes. A comparison of the two criteria for VOC
signal stability with dS=0.5min and 2 mins for ten experiments with Sulfinert ®
26 m pipe is shown in Figure 3.9. The slope calculated as the di�erence of averages
over dt time reduces with time. For the criterion with dt=2 min, all the experiments
were fully stable after 7 min of the switch, with a slope value less than 100mV·min≠1

while dt=0.5min some experiments were not stable even after 12 mins. With the
criteria 0.5 min after complete stabilization, the variance of the signal increases.
This e�ect is more evident with smaller flowrate and higher residence times and
can be confused with the stability of flowrate.	 
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Figure 3.9: Stability of signal for VOC mixture for ten experiments at flowrate 35
Sml·min≠1.

While the signal of air is falling with operation time having reduction of the slope
with time a shown in box 1 of Figure 3.7. This e�ect is due to either stability of the
electronics or the memory and cleaning e�ect of the bypass. The signal of VOC and
air is analyzed in detail, and the e�ect of the stability of electronics is reduced by
considering a correction to the signal based on a slope of the corresponding signal
while using equation 3.12. A positive slope mV OC was observed for VOC signal over
time (before and after the experiment), and a negative slope (mAIR) was observed
for air signal.
Both the signals are corrected using their slope as:
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SV OC = S Õ
V OC

+ mV OCdt

SAIR = S Õ
AIR

+ mAIRdt

’(t) = ‰(V OC, out )

‰(V oC,in)

= St ≠ (S Õ
AIR

+ mAIRdt)
(S Õ

V OC
+ mV OCdt) ≠ (S Õ

AIR
+ mAIRdt) (3.25)

3.6.2 Instability of flowrate
A fixed number of VOCs with less variation will produce a stable signal, and

thus, a stable and constant flow rate is necessary to have stable amount of VOCs.
The flow rate of both mixture and air steams is controlled by the sonic nozzle.
However, the temperature of the sonic nozzle is poorly controlled, and thus, the
flow rate varies due to the variation of temperature and density of flowing gas from
the sonic nozzle. This e�ect becomes more dominant at a lower flow rate where the
relative variance is higher. Besides the direct e�ect on the signal of VOC, the flow
rate also vary the residence time of the test pipe and thus the integral of the curve.

The signal of VOCs behaves linearly with the flow rate of the VOC mixture
that can be seen in Figure 3.10. The signal of VOCs is a function of the amount of
carbon inside the gas; the higher the flowrate will, send a high amount of carbon
to FID and thus leads to a higher signal. Ideally, for clean, dry air containing
no hydrocarbon, the signal of air should not a�ect the flow rate. However, it was
observed that changing flowrate of air through manual pressure reducer for column
line; the signal rises with rising of flowrate to a maximum 4000 mV for a flowrate
of 25 Sml·min≠1 and then decrease with the rise of flowrate as depicted in black
(Figure 3.10). This may be because of some release from the membrane, which
increases to a high level at 25Sml·min≠1 and then falls due to cleaning at a high
flow rate. As expected, the change in airflow rate internally through electronic
flow controller (EFC) in GC the change in response due to air flow change were
negligible. The variation is reduced by applying proper control to the temperature
of the sonic nozzle. Still, there is a significant amount that contributes as a source
of uncertainty.
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Figure 3.10: FID response signal against di�erent flowrate for air flowing internally
in the GC and externally (left) and VOC mixture (right).

3.6.3 Interactions in system
The interaction in the bypass leads to some losses and thus a�ects the shape

of the input signal. While switching from Zero gas to mixture, the rise must be
an instant and sharp jump to VOCs. However, due to losses in bypass, the signal
takes time to stabilizes the VOC signal. This e�ect is corrected by measuring the
number of VOCs interacted in the bypass and subtracted from the total VOCs in
the pipe as explained in section 3.5.1.

The mass balance over the pipe and bypass is shown in Figure 3.11. An amount
of VOC0 enters the test pipe, and an amount of Air0 enters the bypass after the
switching ts3 of Figure 2.4.
	 

  
 

 
 

system Pipe Bypass 

qvoc-qTa0 qm+qBd0 

qvoc -qTa0-qBa0 
 

qvoc-qTa1 
FID 

Figure 3.11: Scheme of sequences for mass balance over a test pipe and bypass.

52



3.6 – Experimental biases

Air0: This air is subject to clean the bypass, and the amount of VOCs adsorbed
over the bypass surface is desorbed (amount qBd0) by this molecule. This leads to
VOC-rich air to FID. The following molecule will do the same but lesser rich as the
bypass is relatively cleaned.

VOC0: This VOC is subject to subject to face a clean test pipe, and there the
adsorption occurs with full potential. The mixture inside the pipe becomes lean of
VOC with less amount of VOC (amount qT A0) when exposed to FID. The following
molecules will do the same with lesser interactions and thus richer of VOC.

Table 3.5: Sequences of mass balance over a test pipe and bypass

time [tR] Test Pipe in Test Pipe out FID
0+ qvoc qm qV OC

0+tRcon qvoc qm qV OC æ qm + qBd0

0+tRp qvoc qm æ qvoc - qT a0 qm + qBd0

0+tRp+tRcon qvoc qvoc - qT a1 qvoc - qT a0 - qBa1

0+2tRp+tRcon qvoc qvoc - qT a3 q - qT a2 - qBa3

næ (n+1)tRp qvoc qvoc - qT an q- qT an≠1- qBan

Where 0+ is the initial time just after switching from C to D configuration and
subscript 0 refers to phenomenon between 0ætRcon connection residence time. qT a

is the amount of VOCs adsorbed over the test pipe at any time (0æn). This is the
required measurand mass adsorbed over the pipe at the time 0æ1, the potential
from the transfer is high, and it has a high speed. After a residence time, the
saturation is expected to occur, and the potential for transfer decreases till it reaches
equilibrium.

qm is the amount of VOCs released from the wall either due to memory e�ect or
due to improper cleaning of the pipe. For a complete clean pipe, qm is the amount
due to memory of the test pipe.

qBd0 is the amount of VOCs desorbed by the clean air (stored inside the pipe)
from the bypass (saturated before the switch from C to D). This phenomenon
continues for a single residence time until the finishing of air in the test pipe and
the VOCs arrived at the bypass. The potential for qBd0 is the amount of VOCs
adsorbed on the surface of bypass and the VOCs in the stored air. The amount
of VOCs adsorbed on the surface depends on the saturation time of the device
before the switch. In many cases, the bypass is saturated for time enough to reach
equilibrium and is considered completely saturated. The amount of VOCs in the
stored air (qm) varies from experiment to experiment. For the first experiment,
when the air is stored in the pipe over a night for cleaning purposes, lesser VOCs
are expected to be desorbed into the stored air from the cleaner pipe (qm

≥=0).
and thus, decreases the potential of transfer for qBd0. While for the consecutive
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experiments, the stored air becomes richer of VOCs (qm >0) (due to not fully
cleaned pipe or memory e�ect) and the potential for qBd0 is decreases.

This phenomenon is clearer for Copper and PFA due to the memory e�ect of
the test pipe and the long time required for cleaning the pipe (qm

≥=0). For the
next experiment, the stored air is VOC richer (compare to the first ever experi-
ment(qm>0)) and has lesser potential for qBd0. A correction is needed for equation
3.23, subtracting the amount qm by considering the signal of air in the pipe and not
in bypass. This correction is important for polymeric materials with more expected
memory and cleaning e�ect.

’(t) = q(Voc,out )

q(Voc ,in)

= ‰(Voc,out )

‰(Voc,in )

= St ≠ SAir,pipe

SV OC ≠ SAir,pipe

3.6.4 Pressure fluctuation during experiment
The signal of the detector is greatly a�ected pressure. A stable pressure are

required in order to observe the di�erence of signal for test pipe and bypass due
to its di�erent materials, not due to the di�erence of pressure and fluid dynamics.
The pressure di�erence across the switch is reduced by using a proper length of
the capillary tube. However, still, there is atmospheric pressure variation due to
daily seasonal variation and the di�erence of pressure drop in test pipe and bypass.
The atmospheric pressure variation e�ects the same way our measurements and the
di�erent of the pressure at start and end of experiment is consider as uncertainty
to the pressure. A sensitivity of pressure fluctuation was performed with high
pressure and low pressure in order to see the e�ect of reducing the relative pressure
di�erence. In a system with nearly 5 kPa, an absolute di�erence of 520 Pa, and
a relative di�erence of 10.3%, a fluctuation of signal up to 8% was observed. The
relative di�erence was reduced by increasing the total pressure to 14.7 kPa for
Sample A and 13.8kPa for Sample B, the absolute di�erences 520 Pa and 320
Pa, respectively. However, the relative di�erence was reduced by 3.5% for Sample
A and 2.7% for Sample B. This reduces the fluctuation of the signal to <1%, a
very negligible change. A higher fluctuation of signal 16% was observed for an
experiment performed with a total pressure of 14 kPa and an absolute di�erence
of 1470 Pa, and a relative di�erence of 10.5% (almost the same relative as the
first case). This depicts that for the same relative di�erence of pressure, the signal
fluctuation is a�ected greatly for higher pressure than for lower pressure.
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Figure 3.12: E�ect on signal with di�erent pressure drops for flowrate 35Sml·min≠1.

3.6.5 Irreversible losses in equilibrium
The irreversible losses during the establishment of equilibrium play an important

role for some materials where the irreversible losses are significant, for example,
PFA or electropolished stainless steel. The time required for establishing complete
equilibrium can be up to a few hours through this period. The losses due to
irreversible reactions or permeation are accounted as reversible losses. These losses
must be removed from equation 3.16 after proper measurements. For Sulfinert ®
and Copper, these losses were very negligible bur for PFA and Stainless steel; these
losses are an important part of the total amount of losses. The total losses over a
period can be calculated as:

qj = J · �tI

Where J is the mass flux per unit area calculated using the equation 3.13 and
”tI is the time of integral from switch till assumed equilibrium establishes.

3.6.6 Equilibrium not established
The irreversible losses are overestimated due to account of reversible losses in

the case of premature equilibrium. In such cases, the losses during equilibrium
are not yet finished as the test pipe is not completely saturated. This part of the
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integral is assumed based on the trend line of the equilibrium curves till the SV OC,out

reaches its maximum value and an amount of VOCs qb is calculated and added to
equation 3.16. The maximum value of SV OC,out can reach SV OC,in in the case of no
irreversible losses.

The estimation of this part is more as it is a source of uncertainty or bias for
the irreversible losses’ estimation. An amount qb is removed from the qj in the case
of estimation of irreversible losses in a premature equilibrium condition.

3.6.7 Temperature variation during measurement
The temperature and pressure of the system are not under control as the tem-

perature is subjected to daily and seasonal variation. Similarly, the atmospheric
pressure follows a nonlinear trend and can be varies depending upon whether con-
ditions. This variation a�ects the measurand directly by a�ecting the position of
equilibrium and indirectly by a�ecting the parameters such as flow rate.

The flowrate flowing through the sonic nozzle is controlled by its density as

qo

v,q
= flg · vsound · ASN

while the density of the flowing gas changes with temperature as

qo

v,g
= PsupTsc

PscTwc

· [vsound · ASN ]

and the sensitivity of flowrate to temperature can be calculated in Sml·K≠1 as:

d
1
qo

v,g

2

d (Twc)
= Psupp Tsc

Psc

· [vsound · ASN ] · ≠1
T 2

wc

where Psup is the supply pressure to sonic nozzle and vsound is the velocity of
sound, ASN is the cross-section area of the sonic nozzle. Depending upon the area
of the sonic nozzle or the nominal flow rate of the sonic nozzle, the temperature
has an impact on the performance of sonic outflow. A sensitivity of flowrate on
temperature was performed to diagnoses the impact on our measurand as shown in
Figure 3.13. For the flowrate, 55 Sml·min≠1 and 9 Sml·min≠1 up to 1% variation
was observed against a temperature change of 1.5°C and 3°C, respectively. This
change is quite significant for lower flow rate and causes changes in the residence
time of the gas in the test pipe and thus the total integral of the curve.
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Figure 3.13: Temperature and flowrate profile over time.

Besides the indirect impact, temperature has a direct impact on the kinetics of
the reaction and leads to uncertainty of the measurand.

3.6.8 Artifacts during measurement
Human artifact is always a contributing factor for the biases and uncertainty

estimation. The flow rate is manually controlled, and the position of the valve
determines the signal of VOC and integral. Thus estimation of mass adsorbed.
Similarly, the temperature in the lab changes with every activity in the lab and
leads to direct and indirect biases on measurements. The e�ect of temperature is
more relevant while estimating the leakages where the syringe is in direct contact
with the human body and leads to volume and pressure changes. The estimation
of diameter is another critical step where human precision is greatly a�ecting the
average diameter of the pipes. In short, in every activity and for any measurements,
there is a source of uncertainty coming from human artifacts.

3.7 Measurement uncertainty
Accurate measurement has importance in any scientific and engineering activity.

The accuracy in quantification depends on the instrument, its capacity to identify
changes in the system. The uncertainty of the measured value depends on the
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accuracy and the reproducibility of the measurement. However, if the property
or value is a function of other measurements, then the uncertainty estimation will
be dependent on the uncertainty of its influence quantities [13]. The combined
uncertainty of the measurand Ke is computed from the uncertainty of the input
quantities that have been determined from the information available or the per-
formed measurements [13]. An uncertainty budget is calculated using the Guide to
the expression of Uncertainty in Measurement (GUM) for equation 3.21 and 3.22.
The influence quantities (Xi) are listed in rows, and columns represent: symbol Xi

and units [Xi]; value xi; uncertainty ui=u(xi); relative uncertainty ui/xi; sensitiv-
ity coe�cients ci=c(xi)=ˆy/ˆxi; significance index [86]. SI= [uici/max(uici)]2. SI
identifies the largest source of uncertainty of the model (SI=100%). The relevant
contributors (SI>10%) and negligible contributors (<1%) The last row identify the
measurand Y=Ke. The template of budget is reported in Table 3.6.

Table 3.6: Template for uncertainty budget using GUM procedure

Xi [Xi] u (Xi) C (Xi) [C (Xi) · u (Xi)]2 SI [%]

Input Quantity
Xi

Units Xi u (Xi) dF

d(Xi)

Ë
dF

d(Xi)

È2

· [u (Xi)]2 [C(Xi)·u(Xi)]
2

max[C(Xi)·u(Xi)]
2

Combined
Uncertainty u(Y )2 = q

N

i=1

Ë
dF

d(Xi)

È2

· [u (Xi)]2

Pipe length L, internal diameter D measured for each pipe to keep their con-
tribution to total uncertainty negligible. qo

v,g
was measured by a mass flow meter,

its uncertainty comes from information and characterization of the instrument [87].
CV OC,0 is determined from the certification of the mixture (SIAD, 1945-246276/41).

SZeroAir was determined as SŒ in scenario B, while SV OC mixture was deter-
mined, taking into account SŒ in scenarios C and D to correct for the derive of
the signal along with the measurement. The values of I des and I ads were analyzed
for repeatability over a number of experiments. The accuracy of Iads and Ides is
considered as the duration of the peak in time and uncertainty of the falling point
of the response curve, respectively.
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Chapter 4

Losses during equilibrium

The data obtained from experiments for maximum mass interacted during du-
ration equilibrium is analyzed, and the response of every single step carried out
during experiments is verified. The response of the detector to the change in phys-
ical quantities and conditions is analyzed to better understand the reproducibility
of the method. The di�erent approaches for the calculation of integrals are com-
pared, and the applicable methods are applied to 4 di�erent materials at di�erent
conditions.

4.1 Comparison of two di�erent approaches
The net mass interaction can be calculated by two di�erent approaches, which

were discussed in the methodology chapter. The most important is to define the
zero line obtained during zero air flow to the detector and the maximum line (1-
line) obtained for the VOC mixture. Zero lines tend to decrease over time due to
cleaning of the pipe, and one-line tends to increase over time due to saturation of
FID. Another challenge is from where to start integration and where the end, as
the switch is manually performed and thus included a human error. The start and
end of integral causes change in total integral as curves follow trends increasing for
one-line (SV OC-SAIR) and decreasing for zero lines. For that purpose, the curves
are integrating with respect to inclined lines following a slope for 1-line; in this way,
the e�ect of starting and ending of curves are reduced.

The other challenging task is to know the actual residence time with the min-
imum possible uncertainty and maximum reproducibility. For both methods, the
residence time is estimated in two di�erent approaches as discussed in section 3.5.1.

The mass adsorbed per unit area (CA,e) measured with both approaches using
the equation 3.19 and 3.21 is compared for the number of experiments at di�erent
residence times. The results with two di�erent approaches are reported in Figure
4.1.
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Figure 23: Comparing the results for Sulfinert® with two different approaches. 
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Figure 4.1: Comparing the results of CA,e plotted against residence time tR for
Sulfinert ® with two di�erent approaches.

Method A was residence time dependant, and at higher residence time, the
results were quite far from the result with method B and out of the trend followed
at lower residence time. It is because, with higher residence time, the uncertainty of
residence time is not well approximated. While method B was more reproducible;
and that is why it is used as a representative approach for all metallic pipes.

4.2 Adsorption and desorption with Sulfinert ®
treated stainless steel pipe

Four di�erent Sulfinert ® pipes with two di�erent lengths have been tested
at di�erent conditions. A sample of Sulfinert ® pipe (Sample A ) as a whole
is cut into three subsamples of the same lengths (Sample B, C, D) to verify the
e�ects of operating conditions and to verify the reproducibility on the sample.
Tests were performed at di�erent residence times, flow rates, Reynolds numbers,
and temperatures at atmospheric pressure (plus pressure drop). The ranges of test
conditions are reported in Table 4.1. Tests were repeated on each sample over
di�erent conditions, and the e�ect of di�erent parameters are discussed.

The mass interaction of VOC per unit surface area of the pipe is computed
using equation 3.21. The mass interacted during the adsorption at a di�erent tR is
shown in Figure 4.2, which depicts that the CA,e is reproducible for all the flow rates
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Table 4.1: Number of experiments on Sulfinert ® , pipe length, and test condition
ranges (residence time, temperature, pressure, and Reynolds number

Sample N (Ads.) N (Des.) L tR T P Re
m min ¶C kPa ≠

Sample A 53 33 26 0.5 ≠ 9.5 22 ≠ 27 100 ≠ 130 5 ≠ 150
Sample B 26 20 8.5 0.6 ≠ 3.2 17 ≠ 30 100 ≠ 120 5 ≠ 40
Sample C 23 18 8.5 0.6 ≠ 3.2 20 ≠ 22 100 ≠ 120 5 ≠ 40
Sample D 28 28 8.5 0.6 ≠ 3.2 20 ≠ 22 100 ≠ 120 5 ≠ 40

All 109 99 8.5 ≠ 26 0.5 ≠ 9.5 17 ≠ 30 100 ≠ 130 5 ≠ 150

within a range of reproducibility at di�erent residence times. The adsorbed amount
was the same as that of the desorbed amount, and the data were considered unique
for both desorption and adsorption. All four samples are considered as a unique
population with respect to temperature and pressure dependency of interaction
phenomena. Welch statistical t-tests cannot reject the hypothesis that all data for
adsorption and desorption and for di�erent samples belong to a unique population
with a confidence of 95%. However, there was a significant di�erence observed
for sample D, which allowed the possibility to measure the di�erence between the
di�erent samples discussed later.

 

 

Figure 24: Comparative analysis of reproducibility of Raw-Ce over two different 
lengths– Sulfinert®   Sample A (26m) and  Sample B,C,D  (8.5m) 
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Figure 4.2: Comparative analysis of reproducibility of Raw-CA,e over two di�erent
lengths– Sulfinert ® Sample A (26m) and Sample B, C, D (8.5m).
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Sample D has the value of CA,e quite lower than the other samples. It may
be because this is the central part of the total pipe, and the treatment is com-
pletely preserved, which causes lower interactions. Detailed analysis on the e�ect
of temperature pressure and sensitivity with respect to residence time and Reynolds
number is presented in the subsequent section to verify the e�ect of fluid dynamics
and physical conditions.

4.2.1 Sensitivity with temperature and correction
The gas-wall interactions are higher at high pressure and low temperature, while

at low pressure and high temperature, these are lower [20, 114, 44]. The tempera-
ture was calculated as the mean of temperature measured on the external surface
of the test pipe along the run time in a di�erent position along the test pipe.

The temperature has been the most varying parameter, which a�ects the re-
producibility of measurements. to investigate the e�ect of the temperature on
adsorption, the temperature is adjusted by room chiller in a range from 17 °C to
30 °C. A sensitivity coe�cient of 1.6 ± 0.12 nmol·m≠2·K≠1 was calculated for the
temperature Figure 4.3 as the slope of the linear regression curve on the whole
dataset from the four samples, i.e., Samples A, B, C, and D. A di�erent slope was
observed for each sample. This is mainly because of the di�erent range of temper-
ature, and it is particularly evident in the sample C and D datasets with a range
of temperature of 2-3 °C against 5 °C for Sample A and 13 °C for Sample B.
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Figure 4.3: Sensitivity of adsorbed amount per unit area of Sulfinert ®, on temper-
ature.

To investigate the e�ect of temperature on the equilibrium constant Ke, the
values of Ke are plotted against temperature, as seen in Figure 4.4. A sensitivity
coe�cient of 3.43 ± 0.12 µm · K≠1 was calculated for the temperature of Ke as the
slope of the linear regression curve on the whole dataset, including adsorption and
desorption from the four samples, i.e., Samples A, B, C, and D. Di�erent slopes
were observed for each sample like that of CA,e.
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Figure 4.4: Sensitivity of equilibrium constant Ke [µm] on temperature.

Data for CA,e and Ke were corrected for the temperature bias at 20 °C in both
the way considering all the datasets as unique and separately considering each
sample di�erently. The datasets corrected for temperature are reported in Table
4.3.

4.2.2 Sensitivity with pressure
The variability of pressure is important due to its direct e�ect on the adsorption

phenomenon and indirectly the change of flow and residence time. Atmospheric
pressure varies over time and cannot be controlled. The pressure was calculated
as the mean of maximum and minimum ambient pressure observed during the
run added to the mean of pressure drop with and without the test pipe, i.e., an
estimation of the average pressure along the test pipe. The pressure drop of the
system was controlled by controlling the length of the capillary tube. Experiments
were repeated over the same conditions for the same sample for di�erent pressure
drop. However, the e�ect of the pressure was minimal on the response signal and
adsorption/desorption phenomenon. A sensitivity coe�cient for CA,e is 258 ± 31
nmol·m≠2·MPa≠1 for the pressure calculated as the slope of the linear regression
curve on the whole dataset from the four samples of Sulfinert ®, for data corrected
for temperature bias. The data are plotted against pressure, as shown in Figure 4.5
is used for the linear regression. For every sample, a di�erent slope was observed.
This is mainly due to the di�erent range of pressure drop for di�erent samples. For
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Sample A with a longer pipe, the pressure drop was higher, while for Sample B, C,
and D, di�erent capillary lengths were used in order to observe the sensitivity on
di�erent pressure.

Figure 4.5: Sensitivity of adsorbed amount per unit area CA,e of sulfinert ®on
pressure. The data set was corrected for temperature bias at 20 °C.

The dependency of Ke on pressure was analyzed by plotting all the Ke values for
all four samples against pressure, as shown in Figure 4.5. A sensitivity coe�cient
is 7.1 ± 31 µm · MPa≠1 for the pressure as the slope of the linear regression curve
on the whole dataset from the four samples of Sulfinert ®, for data corrected for
temperature bias. For every sample, a di�erent slope was observed as that for CA,e.

Using the sensitivity coe�cients, the data for CA,e and Ke were corrected for
the pressure bias at 1 bar that is reported in Table 4.2 and Table 4.3, respectively.

Table 4.2 reports the standard deviation (‡) of the datasets, including adsorp-
tion and desorption values. The horizontal lines account for di�erent datasets:
single datasets considering samples A, B, C, and D separately as single data, all
the data in one set considering a unique population. The variability of data is
evidently reduced by the correction of biases depending on the wideness of the
temperature and pressure ranges in the specific datasets. The variability of Sample
A is reduced from 16% to 7%, B from 21% to 12%, C from 14% to 11% and D from
13% to 12% using the significant index of the whole data set. While the variability
of the whole data set is reduced from 25% to 20% and the variability of the means
is reduced from 15% to 4.4% as reported in Table 4.2.
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Figure 4.6: Sensitivity of equilibrium constant Ke area on pressure. The data set
was corrected for temperature bias at 20 °C.

The standard deviation (‡) of the equilibrium constant datasets, including ad-
sorption and desorption as unique data sets, are reported in Table 4.3. The vari-
ability of Sample A is reduced from 12% to 6%, B from 20% to 11%, C from 11%
to 9%, and D from 13% to 11% using the significant index of the whole data set.
While the variability of the whole data set is reduced from 23.5% to 18%, and the
variability of the means is reduced from 19% to 17%.
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Table 4.2: Areic amount adsorbed per unit area of Sulfinert® (CA,e), Raw data and
data corrected at 20 °C 1 bar with experimental standard deviations for a single
sample and all data aggregated considering adsorption and desorption as a unique
population.

Sample CA,e
(nmol·m≠2)

‡
(nmol·m≠2)

‡%
‡/CA,e

CA,e,20°C,1bar
(nmol·m≠2)

‡20°C,1bar
(nmol·m≠2)

‡%20°C,1bar
‡/CA,e

Sulfinert A 28.4 4.7 16% 36.3 33.4 7%
Sulfinert B 36.8 7.8 21% 41.8 38.9 12%
Sulfinert C 39.1 5.4 14% 41.6 38.4 11%
Sulfinert D 24 3.2 13% 26.9 24.1 12%
All data 30.9 7.9 25% 36 33.2 20%
Mean ABCD 32.1 6.2 19% 36.6 33.7 18%

Table 4.3: Equilibrium constant Ke with Sulfinert®; Raw data and data corrected
at 20 °C 1 bar with experimental standard deviations for a single sample and all
data aggregated considering adsorption and desorption as a unique population

Sample Ke

(µm)

‡
(µm)

‡%
‡/Ke

Ke,20°C

(µm)

Ke20°C,1bar

(µm)

‡% 20°C,1bar

‡Ke / Ke

Sulfinert A 62.9 7.8 12.30% 78.6 78.5 6%

Sulfinert B 82.2 16.1 19.60% 92 92 11%

Sulfinert C 85.1 9.3 11.00% 90 90.7 9%

Sulfinert D 53.3 6.7 12.60% 59 58.9 11%

All data 68.6 16.1 23.50% 78.7 78.7 18%

Mean ABCD 70.9 13.3 18.70% 79.9 80 17%

In the second approach, each sample is considered as a separate pipe, and the
adsorption and desorption datasets were considered as separate datasets in order to
measure the di�erence. Table 4.4 reports the data for CA,e with percentage standard
variation and corrected for 20 °C temperature and 1 bar pressure with variation
for adsorption followed by desorption separately. All the datasets were corrected
based on the coe�cient calculated as the slope from the corresponding data set.
The sensitivity coe�cient for temperature was following the same trend for both
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adsorption and desorption. However, a lower slope was observed for desorption than
adsorption. This is due to the gradient of the phenomenon. In adsorption, higher
pressure enhance the gradient of concentration and thus the adsorption process,
while in desorption, the pressure of the air is increased, and the concentration
gradient for desorption remains unchanged. The correction to the temperature
and pressure allows the reduction of variation for each data set to more significant
however the variation over the whole data set was reduced in the same order. The
variability over whole data for adsorption was reduced from 27% to 19% and for
the whole desorption data set from 26% to 22%.

Table 4.4: Areic amount adsorbed per unit area of Sulfinert® (CA,e), Raw data and
data corrected at 20 °C 1 bar with experimental standard deviations for a single
sample considering adsorption and desorption as separate population.

Sample CA,e

(nmol·m≠2)
‡%

‡/CA,e

CA,e,20°C,1bar

(nmol·m≠2)
‡ 20°C,1bar

(nmol·m≠2)
‡% 20°C,1bar

‡/CA,e

Ads.

Sulfinert A 28.5 16% 39.6 37.9 7%
Sulfinert B 36.3 27% 45.9 41.9 8%
Sulfinert C 39.4 16% 53.2 48.5 8%
Sulfinert D 24.5 17% 29.7 29 11%
All data 31.2 27% 38.5 36.8 19%
Mean ABCD 32.2 19% 42.1 39.3 18%

Des.

Sulfinert A 28 17% 36.3 32.6 7%
Sulfinert B 32.8 23% 40.6 40.2 9%
Sulfinert C 38.7 9% 47.6 44.4 3%
Sulfinert D 22.4 11% 21.9 21.9 11%
All data 29.1 26% 34.5 31.2 22%
Mean ABCD 30.5 20% 36.6 34.8 25%

In the second approach, the adsorption and desorption data set for Ke were
considered as separate data sets. To avoid repeated images, the plot of data and
e�ect on temperature, pressure is not shown here. However, the data for Ke with
percentage standard variation, data corrected for 20 °C temperature and 1 bar pres-
sure with percentage variation are reported in Table 4.5 separately for adsorption
and desorption dataset. The variability over whole data for adsorption was reduced
from 24% to 19% and increased for the desorption over the whole dataset from 19%
to 20%.

Acetone that disappeared in the first part of the run and appeared in the second
part of the run was calculated to be 1.7 nmol·m≠2 as the di�erence of the mean
values corrected for the temperature and pressure biases and 2.0 nmol·m≠2 as the
mean of the di�erences measured in each run. The di�erence of the values of the
equilibrium constant indicates the di�erence of phenomenon. A di�erence of 2.6
µm was calculated as a di�erence between the average values of Ke corrected for
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Table 4.5: Equilibrium constant (Ke) with Sulfinert®; Raw data and data corrected
at 20 °C 1 bar with experimental standard deviations for a single sample considering
adsorption and desorption as separate population

Sample Ke

(µm)
‡%

‡/Ke

K e,20°C

(µm)
K e,20°C,1bar

(µm)
‡% 20°C,1bar

‡K e/K e

Ads.

Sulfinert A 63.6 10% 77.9 76.6 6%
Sulfinert B 81.1 24% 101.2 99.5 7%
Sulfinert C 86.2 13% 109.7 107.1 8%
Sulfinert D 54.1 15% 71.8 71.3 10%
All data 69.2 24% 78.7 77.3 19%
Mean
ABCD

71.3 18% 90.2 88.6 17%

Des.

Sulfinert A 61.1 16% 81.6 84.3 5%
Sulfinert B 73.5 22% 88.8 93.7 9%
Sulfinert C 83.8 7% 100.4 101.2 3%
Sulfinert D 49.8 13% 53 57.7 10%
All data 64 25% 77.5 79.8 19%
Mean
ABCD

67.1 19% 81 84.2 20%

the temperature and pressure for all four samples. These small di�erence lies inside
the experimental variability and thus allows us to consider the whole population
for adsorption and desorption as a unique population.

The dependency of the adsorbed amount and equilibrium constant Ke on the
dynamic fluid e�ects inside the pipe is checked by the sensitivity of adsorbed amount
and equilibrium constant Ke at di�erent Reynolds Numbers (Re). The average
values of the four samples grouped at 6 di�erent Reynolds number (Re) are plotted
in Figure 4.4 for CA,e and Figure 4.8 for Ke, respectively. Re was always lower than
200, so a laminar regime always occurred in the test pipes. A slope of ≠0.00037
nmol·m≠2 for CA,e was calculated by linear regression on all the data and ≠0.0003
nmol·m≠2 by linear regression on the mean values. While for the Ke, a slope of
≠0.0003 µm was calculated by linear regression on all the data and ≠0.0064 µm
by linear regression on the mean values. The resulted curves are plotted in Figure
4.7 and Figure 4.8, but they are not evidently di�erent from the line of the mean
value.
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Figure 4.7: Sensitivity of adsorbed amount per unit area CA,e on Reynolds number.
Values corrected at 20 °C, 1bar, and grouped on Re.

Figure 4.8: Sensitivity of equilibrium constant on Reynolds number. Values cor-
rected at 20 °C, 1bar, and grouped on Re.
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The deviation from the mean value was lower than variability on the whole
range of Re, and the e�ect of the slope on the whole range was observed to be lower
than the variability of each data subset. Upper and lower lines are the envelopes
of all data; maximum and minimum values have an opposite trend against Re. In
conclusion, as expected, Re does not a�ect the amount of Acetone adsorbed per
unit area CA,e and on Ke of the pipe wall.

Figure 4.9 and Figure 4.10 show the plots of average values of the four samples
grouped at 5 di�erent residence times in order to check a dependency of the ad-
sorbed amount and equilibrium constant on the contact time. Contact time ranged
between 0.5 and 9 min for all the samples. A slope of ≠0.162 nmol·m≠2·min≠1

was calculated by linear regression on all the data and ≠0.159 nmol·m≠2·min≠1

by linear regression on the mean values.
The variability of the mean values seems lower for residence time lower than 4

min. The upper and lower lines in Figure 4.9 and Figure 4.9 are the envelope of all
data; minimum values have a flat trend against the residence time. The e�ect of
residence time on the adsorbed amount per unit area is not completely clear but,
in any case, very limited. A slope of ≠0.323 µm·min≠1 was calculated by linear
regression on all the data and ≠0.41 µm·min≠1 by linear regression on the mean
values. The longer sample, Sample A, was the only one working at a high Reynolds
number (more than 50) and at a high residence time (more than 4 min). All the
Figures 4.7,4.8,4.9, and Figure 4.10 depict that the e�ect of adsorption on fluid
dynamics and contact time is very limited.
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Figure 4.9: Sensitivity of adsorbed amount per unit area on residence time. Values
corrected at 20 °C, 1bar and grouped on ·R.

Figure 4.10: Sensitivity of equilibrium constant Ke on residence time. Values cor-
rected at 20 °C, 1bar and grouped on ·R.
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4.2.3 Reproducibility and accuracy for Sulfinert®
The uncertainty budget formulation is shown in section. 3.7 is applied to equa-

tion 3.21 and 3.22. For qo

vg
, L, and D, the measurement accuracy with k = 2 is

considered uncertainty. The uncertainty of ‰V OC is the certified value of the gas
cylinder. The uncertainty of Iads and Iads Ides is considered as the length of the
peak and unpredictability of the falling position of the response curve, respectively.

The combined uncertainty of the measurand CA,e is computed from the un-
certainty of the input quantities that have been determined from the information
available or the performed measurements [13]. An uncertainty budget is calculated
for CA,e Equation 3.21 and Ke Equation 3.22 for every single experiment. The
budget for the most conservative experiment having higher uncertainty is reported
in Table 4.6 for CA,e and Table 4.7 for Ke. In both of the cases, the accuracy of
measurand was less than 41% for CA,e and 50% for Ke.

Table 4.6: Uncertainty budget for CA,e for most conservative experiment on Sulfin-
ert® Sample D

X x [X] u = u(x) u/x c = ˆKe/ˆxi S I
‰Voc 10 µmol · mol≠1 1 10.00% 2.34 8.1%
qo

v,g
35 Sml · min≠1 1.00 5.00% .670 0.66%

Iads 0.116 min 0.030 26.90% 271 100.0%
Ides 0.029 min 0.015 50.00% ≠271 22.7%
L 8.5 m 0.05 0.50% ≠2.76 0.03%
D 2.159 mm 0.011 0.50% ≠10.9 0.02%

CA,e 23.44 nmol · m≠2 9.46 40.4%

Table 4.7: Uncertainty budget for Ke for the most conservative experiment of Sulfin-
ert® Sample D

X x [X] u = u(x) u/x c = ˆKe/ˆxi S I

qo

v,g
35 Sml · min≠1 1 10.00% 1.62 0.66%

Iads 0.116 min 0.030 5.00% 654.85 100.0%
Ides 0.029 min 0.015 26.90% ≠654.85 22.66%
L 8.5 m 0.05 50.00% ≠6.67 0.03%
D 2.159 mm 0.0108 0.50% ≠26.25 0.02%
T 22 °C 2 0.50% 0.19 0.04%

Patm 99.5 kPa 0.1 0.50% ≠56.58 8.04%
dPwc 2 kPa 0.285 0.50% ≠56.58 65.28%
Ke 56.68 µm 27.99 49.4%
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Reproducibility was calculated as the standard deviation of the mean. The
standard deviation of the mean of the dataset with data corrected for temperature
and pressure is considered as the total uncertainty of the measurement [63]. The
value is around 20% for CA,e and 18% for Ke, considering adsorption and desorption
of all the samples as unique population, 17% for CA,e, and 18% for Ke as variance
over the mean values of di�erent samples. In any case, the reproducibility is limited,
and this could mainly be due to the characteristic of Sulfinert ® coating on stainless
steel that assures very low irreversible interferences and no permeation into the pipe
wall, limiting the instability of measurand. A poorer reproducibility is expected
with polymeric materials or uncoated metals, which is discussed in subsequent
sections.

4.3 Adsorption and desorption with Copper pipe
The methodology for the quantification of aeric amount adsorbed was extended

on the Copper surface. Experiments were performed with 1/8ÕÕ Copper pipe. Tests
were performed at di�erent physical conditions such as residence times, flow rates,
Reynolds numbers, and temperatures at atmospheric pressure (plus pressure drop).
The ranges of test conditions are reported in Table 4.8. Tests were repeated on the
same conditions will the same sample.

Table 4.8: Number of experiments on Copper pipe, pipe length and test condition
ranges (residence time, temperature, pressure, and Reynolds number.

Sample N N L tR T P Re
Ads. Des. m min ¶C kPa ≠

Copper 18 18 11.1 0.45 ≠ 1.0 21 ≠ 25 100 ≠ 116 20 ≠ 50

The adsorbed amount was quite di�erent than that of the desorbed amount,
and the data cannot be considered unique for both desorption and adsorption.
The number of VOCs adsorbed over the surface was always a notice 2-3 times
than the number of desorbed VOCs. There was a significant di�erence between the
adsorbed and desorbed amount of VOCs. All the data for adsorption and desorption
were considered as a separately unique population with respect to temperature and
pressure dependency of interaction phenomena. Welch statistical t-tests reject the
hypothesis that all data for adsorption and desorption belong to a unique population
with a confidence of 100%.

4.3.1 Sensitivity with temperature
A sensitivity coe�cient of 4.736 nmol·m≠2·K≠1 was calculated for the tempera-

ture Figure 4.11 as the slope of the linear regression curve on the adsorption data set
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and 1.513 nmol·m≠2·K≠1 on the desorption data set. The dependency of adsorbed
amount on temperature was higher than that of desorption due to the fact that the
gradient (driving force) for adsorption decreases with the increases in temperature,
while for desorption, the gradient increases with temperature. The slope is greatly
a�ected by di�erent ranges of temperature, and it is particularly evident in the
Copper with a range of temperature of 4 °C against 13 °C for Sulfinert ®. With
this small range of temperature, there was a negligible change after temperature
correction; however, the variability of the experimental data was reduced from 23%
to 18% for adsorption and from 12% to 11% for the desorption data set. The data
set was corrected to the temperature of 23 °C as reported in Table 4.9.

Figure 4.11: Sensitivity of adsorbed and desorbed amount per unit area of the
Copper pipe on temperature.

Sensitivity on the equilibrium constant for the Copper was performed, and the
sensitivity coe�cient for temperature was calculated to be -12.1 µm·K≠1 as the
slope of the linear regression curve on the adsorption data set and -4.192 µm·K≠1

on the desorption data set as depicted in Figure 4.12.
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Figure 4.12: Sensitivity of equilibrium constant Ke with Copper pipe on tempera-
ture.

4.3.2 Sensitivity with pressure
The mean of maximum and minimum ambient pressure observed during the

experiment added the mean of pressure drop with and without the test pipe were
considered as of the average pressure along the test pipe. A sensitivity coe�cient
of -139 nmol·m≠2·MPa≠1 for the pressure Figure 4.13 as the slope of the linear
regression curve on the adsorption dataset for data corrected for temperature bias
and 483 nmol·m≠2·MPa≠1 for desorption data set were calculated. The dependency
of adsorbed amount on pressure was higher than that of desorption due to the fact
that the gradient (driving force as concentration) for adsorption increases with the
increases in temperature, while for desorption, the gradient (concentration) remain
unchanged as the pressure of the air is increasing and not the VOCs. Both the data
sets were also corrected for the pressure bias at 1 bar, as reported in Table 4.9. The
variability of the experimental data was reduced for both temperature and pressure
corrections from 23% to 18% for the adsorption data set and from 12% to 9% for
the desorption data set.
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Figure 4.13: Sensitivity of adsorbed amount per unit area of the Copper pipe on
pressure. The data set was corrected for temperature bias at 23 °C.

Figure 4.14: Sensitivity of equilibrium constant Ke with Copper pipe on pressure.
The data set was corrected for temperature bias at 23 °C.
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The slope of the linear regression for the equilibrium constant Figure 4.14 on
the adsorption dataset gives the value of the sensitivity coe�cient, which is 1866
µm·MPa≠1. Likewise, with the similar approach for the desorption data set, this
is calculated as 1990 µm·MPa≠1. The correction at 1 bar pressure was also per-
formed on both datasets. Reduction in the variability of experimental data for both
temperature and pressure on adsorption data set was observed from 24% to 19%
and on desorption dataset from 14% to 9%, as reported in Table 4.9.

The adsorption and desorption are compared for analyzing the reversibility of
the interactions. The di�erence between the amounts of Acetone that disappeared
(adsorbed) and appeared (desorbed) was calculated to be 33.9 nmol·m≠2 as the
di�erence of the mean values corrected for the temperature and pressure biases
and 35 nmol·m≠2 as the mean of the di�erences measured in each test. While
the di�erence of the equilibrium constant calculated for adsorption and desorption
is 82.3 µm calculated as the di�erence of the average and 84 µm calculated as the
mean of the di�erence for every experiment. These di�erences are significant and lie
outside the experimental variability, and thus, the whole population for adsorption
and desorption is considered as separate populations.

Table 4.9: Areic amount adsorbed and desorbed per unit area (CA,e) and Equilib-
rium constant with Copper pipe

CA,e ‡% ‡,23¶C,1bar ‡%,23¶C,1bar Ke, ‡% Ke,23¶C,cbar Ke,23¶C,1bar

nmol · m≠2 ≠ nmol · m≠2 ≠ µm ≠ µm ≠
Adsorption 85.8 23% 88.4 21% 191.5 24% 214.4 19%
Desorption 49.2 12% 54.5 10% 110.8 14% 132 9%

Both 67.5 35% 71.5 30% 151.2 35% 173.2 30%

Figure 4.15 and Figure 3.7 show the plot of average values grouped at 5 di�erent
Reynolds number (Re) for CA,e and Ke respectively. Re was always lower than 60,
so a laminar regime in the test pipes. A slope of 0.226 nmol·m≠2 was calculated by
linear regression on the mean values for the adsorption dataset and 0.0533 nmol·m≠2

by linear regression on the mean values for the desorption data set.
The dependency on equilibrium constant Ke by Reynolds number is calculated

as the slope of linear regression (Figure 4.16) for adsorption data set 0.533 µm and
0.053 µm for desorption data set. The deviation from the mean value was lower
than variability on the whole range of Re. In conclusion, the e�ect of Re on the
adsorption phenomenon on the pipe wall is negligible.
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Figure 4.15: Sensitivity of adsorbed and desorbed amount per unit area of Copper
on Reynolds number. Values corrected at 23 °C, 1 bar, and grouped on Re.

Figure 4.16: Sensitivity of Equilibrium constant with Copper pipe on Reynolds
number. Values corrected at 23 °C, 1bar, and grouped on Re.
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The dependency of the adsorbed amount and equilibrium constant on the con-
tact time is shown in Figure 4.17, and Figure 4.18 as a function of average values
grouped at 5 di�erent residence times. Contact time ranged between 0.4 and 1
minute. A slope of 1.70 nmol·m≠2·min≠1 was calculated by linear regression on
mean values of the adsorption data and 0.499 nmol·m≠2·min≠1 by linear regression
on the mean values for desorption data set. The e�ect of residence time on the
adsorbed amount per unit area is not completely clear due to the limited range
of residence time and the role of other factors, but, in any case, this e�ect is very
limited for both adsorption and desorption.

Figure 4.17: Sensitivity of adsorbed amount per unit area of Copper on residence
time. Values corrected at 20 °C, 1bar and grouped on ·R.

The slope of equilibrium constants means values plotted against residence time
for adsorption data set was calculated to be 3.972 µm · min≠1 and 1.05 µm · min≠1

for desorption data set. The e�ect of residence time on the adsorbed amount per
unit area and equilibrium constant is limited; however, due to the limited range of
residence time and the role of other factors, it can be further investigated.
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Figure 4.18: Sensitivity of Equilibrium constant with Copper pipe on residence
time. Values corrected at 23 °C, 1bar and grouped on ·R.

4.3.3 Reproducibility and accuracy with Copper pipe
The uncertainty budget is applied to every single experiment in order to ver-

ify the confidence level in every single measurement. The combined uncertainty
budget for accuracy of CA,e and for Ke are computed from the uncertainty of the
input quantities that have been determined from the information available or the
performed measurements [13]. The budget for the most conservative experiment
with high value of uncertainty is reported in Table 4.10 for CA,e and Table 4.11 for
Ke. In both of the cases, the accuracy of measurand CA,e was less than 19% and
less than 32% for Ke.
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Table 4.10: Uncertainty budget for CA,e for most conservative experiment on Cop-
per pipe.

X x [X] u = u(x) u/x c = ˆKe/ˆxi SI
‰Voc 10 µ mol·mol≠1 1 10.00% 8.67E + 00 63.0%
qo

v,g
24 Sml·min≠1 1.00 4.17% 3.61E + 00 10.94%

Iads 0.54 min 0.059 10.91% 1.86E + 02 100.0%
Ides 0.07 min 0.036 50.00% ≠1.86E + 02 38.0%
L 11.12 m 0.34 3.06% ≠7.80E + 00 5.89%
D 1.651 mm 0.0108 0.65% ≠5.25E + 01 0.27%

CA,e 86.69 nmol · m≠2 16.13 18.61%

Table 4.11: Uncertainty budget for Ke for most conservative experiment on Copper
pipe

X x [X] u = u(x) u/x c = ˆKe/ˆxi SI

qo

v,g
24 Sml · min≠1 1 4.17% 8.20 2.57%

Iads 0.54 min 0.059 10.91% 421.20 23.47%
Ides 0.073 min 0.036 50.00% ≠421.20 8.92%
L 11.12 m 0.34 3.06% ≠17.69 1.38%
D 1.65 mm 0.0108 0.65% ≠119.13 0.06%
T 24.5 °C 2.0 8.16% 0.66 0.07%

Patm 98.36 kPa 0.1 0.10% ≠182.71 12.76%
dPwc 11 kPa 0.28 2.61% ≠182.71 100.00%
Ke 196.69 µm 62.49 31.77%

Reproducibility was calculated as the standard deviation of the mean. The
standard deviation of the mean of the dataset corrected for temperature and pres-
sure has a value around 21% for CA,e considering the adsorption data set and 10%
considering the desorption data set. While for the equilibrium constant, the repro-
ducibility 19% on the adsorption data set and 9% on the desorption data set. In
any of the above cases, the reproducibility is limited considering adsorption and
desorption as separate data sets. For considering adsorption and desorption as a
unique population, the reproducibility is more than 30% for both CA,e and Ke.
However, the adsorbed and desorbed are di�erent datasets because of significant
irreversible interactions on the pipe wall of the Copper. A poorer reproducibility
is expected with materials without coating and having potential permeation.

82



4.4 – Adsorption and desorption measured with electropolished Stainless steel pipe

4.4 Adsorption and desorption measured with elec-
tropolished Stainless steel pipe

The methodology for the quantification of aeric amount adsorbed and Equi-
librium constant was extended on electropolished Stainless steel (later adressed
as "Stainless steel" only) with 1/4ÕÕ internal diameter. Tests were performed at
di�erent physical conditions that are reported in Table 4.12.

Table 4.12: Number of experiments on Stainless steel, pipe lengths and test condi-
tion ranges (residence time, temperature, pressure, and Reynolds number).

Sample N N L tR T P Re
Ads. Des. m min ¶C kPa ≠

Stainless steel 10 10 3 0.45 ≠ 3.0 24 ≠ 27 105 ≠ 114 5 ≠ 35

The adsorbed amount was quite di�erent than that of the desorbed amount,
and the data cannot be considered unique for both desorption and adsorption. The
number of VOCs adsorbed over the surface was always higher than the number of
desorbed VOCs. All the data for adsorption and desorption were considered sepa-
rately as a unique population with respect to temperature and pressure dependency
of interaction phenomena. Welch statistical t-tests reject the hypothesis that all
data for adsorption and desorption belong to a unique population with a confidence
of 100%.

4.4.1 Sensitivity with temperature
Due to the limited number of experiments over a narrow range of temperature,

the sensitivity coe�cient on temperature was not completely clear. However, a
sensitivity coe�cient -139.79 nmol·m≠2·K≠1 was calculated for the temperature
(Figure 4.19) as the slope of the linear regression curve on the adsorption data set
and 109.25 nmol·m≠2·K≠1 for the desorption dataset. A slope is greatly a�ected
by the range of temperature, while here, with this small range of temperature 4°C
there was a negligible change after temperature correction. The data set reported
in Table 3.12 was corrected to a specific temperature of 25 °C. The variability due
to temperature correction was reduced from 14% to 11% for the adsorption dataset,
while for desorption, the variability was reduced from 15% to 12%.

For Equilibrium constant, the sensitivity coe�cient was calculated through the
slope of linear regression on the adsorption dataset (Figure 4.20), which is -414.21
µm·K≠1 and for desorption, it is 201.83 µm·K≠1. The reported datasets were
corrected to a specific temperature of 25°C (inside the range of temperature), as
reported in Table 4.13. The variability was improved from 15% to 10% for adsorp-
tion data set and from 14 to 12% for desorption data sets.
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Figure 4.19: Sensitivity of adsorbed amount per unit area CA,e with Stainless steel
pipe on temperature.

Figure 4.20: Sensitivity of Equilibrium constant Ke with Stainless steel pipe on
temperature.
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4.4.2 Sensitivity with pressure
The sensitivity coe�cient of as the slope of the linear regression curve on the

whole dataset for the dataset was calculated. The corrected data for temperature
was also corrected for the pressure bias. As the range of pressure was small 15kPa
there was very little impact after correction. The sensitivity coe�cient had a value
10635 nmol·m≠2·MPa≠1 for the adsorption dataset and 540.09 nmol·m≠2·MPa≠1

for the desorption dataset as reported both in Figure 4.21. The variation was
remaining the same for both adsorption and desorption datasets due to the very
small impact of correction due to pressure. However, the variation was reduced after
correction for both temperature and pressure from 14% to 11% for the adsorption
data set and from 15% to 12% for the desorption dataset.
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Figure 43: Stainless Steel, Sensitivity of adsorbed amount per unit area on 
pressure. 

 

 
Figure 44: Stainless Steel, Sensitivity of Equilibrium constant on pressure. 
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Figure 4.21: Sensitivity of adsorbed amount per unit area (CA,e) of Stainless steel
pipe on pressure.

The sensitivity coe�cient for equilibrium constant was calculated for adsorption
and desorption datasets as shown in Figure 4.22; the values are 18690 µm·MPa≠1

for adsorption data set, and -5510 µm·MPa≠1 for the desorption data set. The
correction for pressure biased was made, and the variation was reduced after cor-
rection for both temperature and pressure from 15% to 11% for adsorption and
from 14% to 11% for the desorption dataset.
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Figure 4.22: Sensitivity of Equilibrium constant Ke with Stainless steel pipe on
pressure.

The reversibility of the interactions is analyzed by comparing the adsorption
and desorption. The di�erence between the amounts of Acetone adsorbed on the
surface of the test pipe and desorbed in the second part of the test was calculated
to be 741 nmol·m≠2 as the di�erence of the mean values corrected for the tempera-
ture and pressure biases and 751 nmol·m≠2 as the mean of the di�erences measured
in each run. The di�erence between the equilibrium constant calculated from ad-
sorption and desorption data sets is 1698 µm calculated as the di�erence of the
means and 1721 µm calculated as the mean of the di�erences. These di�erences are
significant and lie outside the experimental variability, which indicates the two dif-
ferent phenomena during adsorption and desorption. Considering adsorption and
desorption datasets as one population will worsen the reproducibility, as reported
in Table 4.13. Thus the whole population for adsorption and desorption should be
considered as a separate dataset.

The average values of the adsorbed amount per unit area grouped at three
di�erent Reynolds numbers (Re) are plotted in Figure 4.23. The (Re) always
lower than 40 and remains in the laminar regime. A slope of 2.15 nmol·m≠2 was
calculated by linear regression on the mean values of the adsorption dataset and
0.945 nmol·m≠2 by linear regression on the mean values of the desorption dataset.

In the case of Equilibrium constant, the values of Re still remained below 40,
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Table 4.13: Areic amount adsorbed and desorbed per unit area (CA,e) and Ke with
Stainless steel pipe

CA,e ‡% ‡,25¶C,1bar ‡%.25¶C,1bar Ke, ‡% Ke,25¶C1bar Ke,25¶C,1bar

nmol · m≠2 ≠ nmol · m≠2 ≠ µm ≠ µm ≠
Adsorption 1584.8 14% 1574.2 11% 3554.5 15% 3869.8 11%
Desorption 913.4 15% 833.2 12% 2049.8 14% 1912.1 11%

Both 1215.6 31% 1166.7 34% 2726.9 31% 2793.1 33%

keeping it in the laminar regime. Value of slope through linear regression on adsorp-
tion dataset as shown in Figure 4.24 was 5.012 µm and on the desorption dataset,
it was 3.083 µm. In conclusion, the e�ect of Re on Acetone adsorbed per unit area
and Equilibrium constant obtained from both adsorption and desorption data sets
are very limited; however, it is not completely clear due to the very narrow range
of Re and the limited number of experiments.

Figure 4.23: Sensitivity of adsorbed amount per unit area of Stainless steel pipe on
Reynolds number.
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Figure 4.24: Sensitivity of Equilibrium with Stainless steel pipe on Reynolds num-
ber.

The dependency of the adsorbed amount on the contact time is shown in Fig-
ure 4.25 as a function of average values grouped at three di�erent residence times.
Contact time ranged between 0.5 and 3.5 minutes. The slope calculated by linear re-
gression on the mean values of the adsorption data is -34.59 nmol·m≠2·min≠1 and by
linear regression on the mean values of desorption data is -0.652 nmol·m≠2·min≠1.
The e�ect of residence time on the adsorbed amount per unit area is not completely
clear due to the limited number of experiments and the role of other factors, but,
in any case, this e�ect is very limited.

In the calculation of the Equilibrium constant, the dependency on the residence
time is evident in Figure 4.27. Slope calculated by linear regression for adsorption
and desorption dataset were -80.283 µm·min≠1 and -11.662 µm·min≠1, respectively.
Due to the lesser number of experiments and the e�ect of other factors, the role of
residence time is negligible.
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Figure 47. Stainless steel, Sensitivity of adsorbed amount per unit area on residence 
time. 
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Figure 4.25: Sensitivity of adsorbed amount per unit area of Stainless steel pipe on
residence time.

Figure 4.26: Sensitivity of Equilibrium constant with Stainless steel pipe on resi-
dence time.
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4.4.3 Reproducibility and accuracy with Stainless steel pipe
The uncertainty budget is applied to every single experiment in order to verify

the confidence level in every single measurement. The combined uncertainty of the
measurand CA,e and Ke are computed from the uncertainty of the input quantities
that have been determined from the information available or the performed mea-
surements [13]. The accuracy of measurand CA,e was 11.41%. As this can be seen
from Table 4.14, the most critical parameter, in this case, is the molar fraction
having the Sensitivity Index (SI) of 100%. The budget for the most conservative
experiment having higher uncertainty is reported in Table 4.14 for CA,e and Table
4.15 for Ke. In the case of an equilibrium constant, the most critical parameter is
pressure indicated in the table as Patm having the Sensitivity Index 100%. While
the accuracy of measurand Ke was 14.08%.

Table 4.14: Uncertainty budget for CA,e for most conservative experiment on Stain-
less steel pipe

X x [X] u = u(x) u/x c = ˆKe/ˆxi SI
‰Voc 10 µmol· mol≠1 1 10.00% 1.98E + 02 100.0%
qo

v,g
77 Sml · min≠1 1.00 1.30% 2.57E + 01 1.69%

Iads 2.49 min 0.100 4.01% 7.97E + 02 16.3%
Ides 0.02 min 0.010 65.02% ≠7.97E + 02 0.2%
L 3 m 0.1 3.33% ≠6.59E + 02 11.11%
D 4.572 mm 0.04572 1.00% ≠4.32E + 02 1.00%

CA,e 1976.0 nmol · m≠2 225.51 11.41%

Table 4.15: Uncertainty budget for Ke for most conservative experiment on Stainless
steel pipe

X x [X] u = u(x) u/x c = ˆKe/ˆxi SI
qo

v,g
77 Sml · min≠1 1 1.30% 57.50 2.01%

Iads 2.494 min 0.100 4.01% 1786.22 19.43%
Ides 0.015 min 0.010 65.02% ≠1786.22 0.19%
L 3.0 m 0.1 3.33% ≠1475.73 13.26%
D 4.572 mm 0.0457 1.00% ≠968.32 1.19%
T 25.15 C 2 7.95% 14.84 0.54%

Patm 99.8 kPa 0.1 0.10% ≠4052.25 100.00%
dPwc 11 kPa 0.1 0.92% ≠4052.25 100.00%
Ke 4427.18 µm 623.35 14.08%

For both adsorption and desorption datasets for CA,e and Ke the reproducibility
calculated as the standard deviation (‡) over the raw datasets, and corrected for
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temperature and pressure are reported in Table 4.13. The reproducibility is im-
proved by correction of temperature and pressure. There was a very little change
after correction due to limited range of pressure.

4.5 Adsorption and desorption measured with PFA
pipe

The methodology was extended to polymeric material Perfluoroalkoxy (PFA)
polymer with 1/4ÕÕ internal diameter. Tests were performed at di�erent physical
conditions that are reported in Table 4.16.

Table 4.16: Number of experiments with PFA, pipe lengths and test condition
ranges (residence time, temperature, pressure, and Reynolds number).

Sample N N L tR T P Re
Ads. Des. m min ¶C kPa ≠

PFA 11 11 4.7 0.5 ≠ 3.5 24 ≠ 35 106 ≠ 113 6 ≠ 39

The adsorbed and desorbed amounts were quite di�erent, and the data cannot
be considered unique for both desorption, adsorption, and even for the equilibrium
constant. Welch statistical t-tests reject the hypothesis that all data for adsorption
and desorption belong to a unique population with a confidence of 99%. The
number of VOCs adsorbed over the surface measured was always higher than the
number of measured desorbed VOCs. All the data for adsorption were considered
as a unique population with respect to temperature and pressure dependency of
interaction phenomena.

4.5.1 Sensitivity with temperature
The e�ect of temperature on the adsorbed and desorbed amount shows an op-

posite trend to the other materials like Sulfinert and steel. A number of tests were
performed to predict the sensitivity coe�cient on temperature within a temperature
range 10 °C. From the adsorption data, a sensitivity coe�cient 2.65 nmol·m≠2·K≠1

was calculated for the temperature as the slope of the linear regression curve and
5.59 nmol·m≠2·K≠1 for desorption data, as shown in Figure 4.27. The data are
corrected for 26 °C temperature (the central point of the temperature range for
many experiments) for both adsorption and desorption.

The sensitivity coe�cient for the equilibrium constant was calculated by the
slope of linear regression (Figure 4.28) on both the adsorption and desorption
datasets. For adsorption, the value was 7.494 µm·K≠1 and for desorption, it was
13.883 µm·K≠1.
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For adsorption, the value was 7.494 Pm. K-1 and for desorption it was 13.883 Pm. 
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Figure 49: PFA, Sensitivity of adsorbed amount per unit area on temperature. 
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Figure 4.27: Sensitivity of adsorbed amount per unit area of PFA pipe on temper-
ature.

Figure 4.28: Sensitivity of Equilibrium constant with PFA pipe on temperature.
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When correction was applied to the temperature, there was an improvement in
reproducibility observed from 14% to 13% for adsorbtion dataset of CA,e and from
22% to 16% for desorption dataset of CA,e, as indicated in Table 4.17. While for
the Equilibrium constant Ke, the variability was improved from 14% to 12% for the
adsorption dataset , and for desorption, it was improved from 22% to 15%.

4.5.2 Sensitivity with pressure
The sensitivity coe�cient calculated as the slope of the linear regression curve

(Figure 4.29) on the adsorption dataset is 6026 nmol·m≠2·MPa≠1 and one the
desorption dataset is 3068 nmol·m≠2·MPa≠1. While for the equilibrium constant,
the sensitivity coe�cient value for adsorption was 9690 µm·MPa≠1 and in case of
desorption, it was 4550 µm·MPa≠1 as indicated in Figure 4.30. The data were also
corrected for the pressure bias to a pressure 1.08 bar (the central value among the
range). With the small range of pressure 11 kPa there was a significant reduction
of variability. The total variability for both temperature and pressure was reduced
from 14% to 11% for the adsorbed amount and from 22% to 19% on the desorbed
amount. While for the equilibrium constant, the total reproducibility was improved
from 14% to 11% for the adsorption data set and from 22% to 15% for the desorption
data set.
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Figure 51: PFA, Sensitivity of adsorbed amount per unit area on pressure. 

 
 

 
Figure 52: PFA, Sensitivity of Equilibrium constant Ke on pressure. 
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Figure 4.29: Sensitivity of adsorbed amount per unit area with PFA pipe on pres-
sure.
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Figure 4.30: Sensitivity of Equilibrium constant Ke with PFA pipe on pressure.

The reversibility of the interactions was analyzed by comparing the adsorption
and desorption. The di�erence between the amounts of Acetone adsorbed on the
surface of the test pipe and desorbed in the second part of the test was calculated to
be 70.1 nmol·m≠2 as the di�erence of the mean values corrected for the temperature
and pressure biases and 69.7 nmol·m≠2 as the mean of the di�erences measured in
each run. While the di�erence between equilibrium obtained from the adsorption
dataset and desorption data set is 174.1 µm calculated as the di�erence between
means and 106.92 µm calculated as the mean of the di�erences for every experiment.
This di�erence is significant, and thus, the population for adsorption and desorption
were considered as separate datasets, as reported in Table 4.17

Table 4.17: Areic amount adsorbed and desorbed per unit area (CA,e) and Ke with
PFA pipe

C A,e

nmol·m≠2
‡% ‡ 26°C,1.08bar

nmol·m≠2
‡ %,26°C,1.08bar

K e

µm ‡% K e,26°C,1.08bar

µm
K e,26°C,1.08bar

µm
Adsorption 193.1 14% 183.3 11% 445.2 14% 422.3 11%
Desorption 120.8 22% 113.2 19% 277.8 22% 248.2 15%

Both 152.6 29% 144.1 28% 351 29% 324.8 30%

The average values of the adsorbed amount per unit area grouped at three
di�erent Reynolds numbers (Re) are plotted in Figure 4.31. The (Re) always
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lower than 40 and remains in the laminar regime. A slope of 0.104 nmol·m≠2

was calculated by linear regression on all the mean values of adsorption data and
1.3 nmol·m≠2 for the desorption dataset. The dependence of desorption on the
Reynolds number is more significant, while adsorption shows relatively constant
behavior. These two lines overlapped on a certain value of Reynolds number, as
depicted in Figure 4.31. Whereas, in the case of Equilibrium constant, the trend
of both adsorption and desorption showed a similar dependence on the Reynolds
number. Linear regression slope for the adsorption is 0.2359 µm and for desorption
it was 0.2044 µm with no overlapping between two lines as displayed in Figure 4.32.

In conclusion, the e�ect of Re on Acetone adsorbed per unit area and Equi-
librium constant is not significant, and the phenomenon does not a�ect the fluid
dynamics to a greater extent.
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Figure 53. PFA Sensitivity of adsorbed amount per unit area on Reynolds 
number. 

 

 

Figure 54. PFA Sensitivity of Equilibrium constant on Reynolds number. 
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Figure 4.31: Sensitivity of adsorbed amount per unit area of PFA pipe on Reynolds
number.
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Figure 4.32: Sensitivity of Equilibrium constant with PFA pipe on Reynolds num-
ber.

The dependency of the adsorbed amount on the contact time is shown in Figure
4.33, and the dependency on the Equilibrium constant is shown in Figure 4.34 as
a function of average values grouped at three di�erent residence times. Contact
time ranged between 0.5 and 3.5 minutes. The slope calculated by linear regression
on the mean values of CA,e on adsorption data is -2.614 nmol·m≠2·min≠1 and -
12.125 nmol·m≠2·min≠1 for desorption data. While the slope of mean values of
equilibrium constant on adsorption data set is 6.28 µm·min≠1 and on desorption
data set is 4.25 µm·min≠1. The e�ect of residence time on the adsorbed amount
per unit area is not completely clear due to the limited number of experiments and
the narrow range of residence time.
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completely clear due limited number of experiments and role of other factors and 

narrow range of residence time. 

 

  

Figure 55. PFA, Sensitivity of adsorbed amount per unit area on residence time. 
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Figure 4.33: Sensitivity of adsorbed amount per unit area CA,e of PFA pipe on
residence time.

Figure 4.34: Sensitivity of Equilibrium constant Ke with PFA pipe on residence
time.
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4.5.3 Reproducibility and accuracy with PFA pipe
The uncertainty budget is applied to every single experiment in order to verify

the degree of confidence in every single measurement. The accuracy of measurand
CA,e was 36.95% for the most conservative experiments with high value of uncer-
tainty. As this can be seen from Table 4.18, the most critical parameter, in this
case, is the integral of the adsorption part of the curve (Iads), having the Sensitiv-
ity Index (SI) of 100%. In the case of an Equilibrium constant, the most critical
parameter is again integral of the adsorption part of the curve (Iads) in Table 4.19,
having the Sensitivity Index 100%. While the accuracy of measurand Ke for the
same experiments was 40.60%.

Table 4.18: Uncertainty budget for CA,e for most conservative experiment on PFA
pipe

X x [X] u = u(x) u/x c = ˆKe/ˆxi SI
‰Voc 10 µmol · mol≠1 1 10.00% 10.6 8.2%
qo

v,g
16 Sml · min≠1 1.00 6.25% 6.65 3.20%

Iads 1.14 min 0.30 26.24% 124 100.0%
I des 0.28 min 0.01 4.12% -124.00 0.20%
L 4.7 m 0.1 2.13% -22.60 0.37%
D 3.903 mm 0.039 1.00% -27.30 0.08%

CA,e 106.43 nmol·m≠2 39.33 36.95%

Table 4.19: Uncertainty budget for Ke for most conservative experiment on PFA
pipe

X x [X] u = u(x) u/x c = ˆKe/ˆxi SI
qo

v,g
16 Sml · min≠1 1 6.25% 15.45 3.20%

Iads 1.143 min 0.30 26.24% 287.68 100.0%
Ides 0.284 min 0.012 4.12% ≠287.68 0.15%
L 4.7 m 0.1 2.13% ≠52.59 0.37%
D 3.90 mm 0.039 1.00% ≠63.33 0.08%
T 24.9 C 2.0 8.03% 0.83 0.04%

Patm 99.5 kPa 0.1 0.10% ≠234.73 7.40%
dPwc 7 kPa 0.18 2.49% ≠234.73 23.97%
Ke 247.18 µm 100.36 40.60%

Reproducibility was calculated as the standard deviation of the mean of the
dataset with data corrected for temperature and pressure has a value of around
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11% for CA,e considering the adsorption data set and 19% considering the des-
orption data set. While for the equilibrium constant, the reproducibility 11% on
the adsorption data set and 19% on the desorption data set, as reported in Table
4.17. In any of the above cases, the relative reproducibility is limited considering
adsorption and desorption as separate data sets. For considering adsorption and
desorption as a unique population, the reproducibility is more than 30% for both
CA,e and Ke. However, the adsorbed and desorbed are di�erent datasets because
of significant irreversible interactions on the pipe wall of the PFA and possible
permeation.

4.6 Comparison and discussion
The methodology for quantification of mass adsorbed and desorbed during equi-

librium was applied on four di�erent pipes with two di�erent diameters. All the
pipes were expected to behave di�erently during the adsorption process due to
di�erent a�nity towards VOCs.

Figure 4.35 shows the comparison of the curves for adsorption and desorption
tests on all four materials. All the experiments were performed with a very small
range of residence time but di�erent flow rates. For Sulfinert ®, the flowrate was
35 Sml·min≠1, for Copper, the flowrate was 24 Sml·min≠1, PFA 58 Sml·min≠1,
and for Stainless steel, the flowrate was 77 Sml·min≠1. After one residence time,
there was peak (rise of signal curve) evident for all materials except PFA. Due to
the memory e�ect, the small spike due to the switch is overcome by the memory
e�ect and cannot be observed. The rise of the curve was anticipated for PFA and
delayed for stainless steel. For Copper, PFA, and Stainless steel, the stability was
not achieved after 15 times of the residence time. While for Sulfinert, the stability
is achieved completely 3 to 4 times of the residence time. In PFA, the signal during
the fall of the curve maintains above the air signal, which depicts the memory
release from the pipe during that period. In the desorption part of the curve, the
signal for stainless steel is not reached to the VOC signal which is due to the high
rate of irreversible losses. The same e�ect can be seen in PFA, where the irreversible
losses are significant. The cleaning of the sulfinert was achieved after four times
of the residence time, while for other materials, it takes more than 15 times for
cleaning. In summary, the equilibrium of adsorption takes a longer time for PFA,
and stainless steel, and the e�ect of irreversible losses and memory dominates the
phenomenon.

The extent of the range of temperature, mainly due to the seasonal variations,
was around 14 °C for Sulfinert ® 4 °C for Copper and 3 °C for electropolished
stainless steel, and 12 °C for PFA. The correction of results was necessary to com-
pare data for Sulfinert ® and Copper. A sensitivity factor on temperature was
calculated, and data were corrected for reference temperature (mainly the central
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Figure 57: Comparing the Concentration curves for different materials during 
adsorption and desorption run. The dim color represents the desorption 

 

The extent of the range of temperature, mainly due to the seasonal variations, 

was around 14 K for Sulfinert® 4 K for Copper and 3 K for electro polished 

stainless steel and 12K for PFA. The correction of results was necessary to compare 

data for Sulfinert® and Copper. A sensitivity factor on temperature was calculated 

and data was corrected for reference temperature (mainly the central point of the 

temperature range) 20C for Sulfinert, 23C for Copper, 25C for Stainless steel and 

26C for PFA.  

 The extent of the range of pressure, mainly due to the pressure drop under 

different operational conditions, was around 30 kPa for Sulfinert and 13 kPa for 

Copper and 10 kPa for stainless steel and 7 kPa for PFA. The correction was 

required for comparison of data, for Sulfinert® and Copper Stainless steel  the data 

were corrected to a reference pressure 1bar while for  PFA the data were corrected 

to 1.08bar.  

For Sulfinert the data for adsorption and desorption were considered as unique 

and common sensitivity coefficient was used for correction of whole data while for 

copper, stainless and PFA the adsorption and desorption data sets were considered 

separately, and separate coefficient of temperature were considered. The 

] 

Figure 4.35: Comparing the concentration curves for di�erent materials during
adsorption and desorption test. The dim color represents the desorption.

point of the temperature range) 20°C for Sulfinert ® , 23°C for Copper, 25°C for
Stainless steel, and 26°C for PFA.

The extent of the range of pressure, mainly due to the pressure drop under
di�erent operational conditions, was around 30 kPa for Sulfinert ® and 13 kPa
for Copper and 10 kPa for Stainless steel, and 7 kPa for PFA. The correction was
required for comparison of data; for Sulfinert® and Copper Stainless steel, the data
were corrected to a reference pressure 1bar, while for PFA, the data were corrected
to 1.08bar.

For Sulfinert® , the data for adsorption and desorption were considered as
unique, and a common sensitivity coe�cient was used for correction of whole data,
while for Copper, Stainless steel, and PFA, the adsorption and desorption data sets
were considered separately, and separate coe�cient of temperature were considered.
The dependency of temperature on desorption was higher than desorption, and it
was evident for the Copper 4.11, Stainless steel (4.22, and PFA 4.27. It is due to the
fact that the desorption process is enhanced by high temperature, and adsorption
is enhanced by low temperature. The sensitivity on pressure shows a higher value
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for adsorption and a lower value for desorption that can be seen in Figure 4.13 for
Copper, Figure 4.21 for Stainless steel, and Figure 4.29 for PFA.

The dependency of the Equilibrium constant on temperature was lower than
adsorbed amount; however, for all materials, a dependency was observed on tem-
perature as well as pressure. The measured values of CA,e and Ke are reported in
Table 4.20 and compared for di�erent materials.

Table 4.20: Areic amount adsorbed and desorbed (CA,e) and Equilibrium constant
(Ke) with reproducibility

C A,e,T,P

nmol·m≠2

‡,C A,e,T,P

nmol·m≠2
‡% K e,T,P

µm
‡,K e,T,P

µm ‡%

Ads. 37.9 2.7 7% 76.6 4.3 6%
Sulfinert ® Des. 28 4.8 17% 84.3 4.5 5%

Ads. 88.4 18.6 21% 214.4 41.5 19%
Copper Des. 54.5 5.3 10% 132 12 9%

Ads. 1574.2 180.3 11% 3664 400.7 11%
S. steel Des. 833.2 98.9 12% 1966.4 225.4 11%

Ads. 183.3 20.8 11% 422.3 48.3 11%
PFA Des. 113.2 21.4 19% 248.2 36.2 15%

A sensitivity of CA,e and Ke on Re and contact time was performed for all
materials in order to verify the e�ect of fluid dynamics and contact time on the
phenomenon. As expected, the Ke for Sulfinert® and Copper does not depend on
the fluid dynamic conditions (Re) and the contact time and it has been validated
by the given results.
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Chapter 5

Estimation of irreversible losses
and memory e�ect

Gases, when come into contact with solid surfaces, are subjected to reversible
and irreversible losses. The irreversible losses are mainly due to the reaction with
metallic pipes and permeation in polymeric materials.The mass reacted or permeate
into the solid surface irreversibly per unit area per unit time is calculated as mass
flux J. While for the memory e�ect, the mass release from unit area per unit time
is calculated as release flux (M ). In both the case, the mass flux is calculated using
the two di�erent methods as explained in section 3.3 and 3.4. Experiments over
di�erent materials at di�erent conditions, as reported in Table 5.1, were performed
for both irreversibly reacted mass and release due to memory.

Table 5.1: Number of experiments and test condition ranges (temperature, pressure,
and residence time).

Nexp T [¶C] P [kPa] tR[min]
PFA 24 24.0 ≠ 33.5 106.6 ≠ 113.2 0.6 ≠ 3.4

S. steel 18 24.3 ≠ 27.0 105.9 ≠ 114.0 0.5 ≠ 3.0
Copper 14 23.0 ≠ 27 107.6 ≠ 110.5 0.3 ≠ 0.6

Sulfinert® 10 22.0 ≠ 27 102.9 ≠ 109.6 0.4 ≠ 2.4

5.1 Irreversible losses J
The estimation of irreversible losses in uncoated materials and polymeric mate-

rials is significant and cannot be ignored. Sulfinert® treated stainless is considered
the most inert material for sampling VOCs, and very limited reactions are expected.
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Estimation of irreversible losses and memory e�ect

The mass irreversibly reacted to the walls of the pipe is calculated using two di�er-
ent approaches. Method A based on the di�erence of the signal of VOC in bypass
and pipe was not easily applicable for coated materials like Sulfinert® as the dif-
ference was very small to observe. However, method B was working very well for all
materials that allow us to measure the mass flux irreversibly reacted to the pipe and
was considered as a representative approach in this research. The reacted amount
per unit area per unit time (J ) was measured at di�erent saturation, and the e�ect
of saturation was evident. Figure 5.1 shows the e�ect of saturation over repeated
experiments for the PFA pipe. Experiments were performed at 58 Sml·min≠1. The
area under the curve was reduced with saturation time that results in the reduc-
tion of calculated irreversible losses. The depletion of the signal was reduced to a
minimum change of signal in the test pipe and bypass. At lower saturation, the
equilibrium not yet reached, and the mass reacted due to equilibrium is calculated
as bias to irreversible losses.
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irreversibly reacted to the pipe and was considered as representative approach in 

this research.  The reacted amount per unit area per unit time  (J) was measured at 

different saturation and the effect of saturation was evident. Figure 58 shows the 

effect of saturation over repeated experiment for PFA tube. Experiments were 

performed at 58Sml.min-1. The area under the curve was reduced with saturation 

time that results the reduction of calculated irreversible losses. The depletion of the 

signal was reduced to a minimum change of signal in test tube and bypass. At lower 

saturation, the equilibrium not yet reached, and the mass reacted due to equilibrium 

is calculated as irreversible losses. 

 
Figure 58: Signal of VOC in bypass and test tube at different saturation time. Red colour 
shows less saturation while Black shows more saturation time 

 

A dependency of saturation time was calculated as slope of the linear line for 

Both Approach A and B as shown in Error! Reference source not found. for PFA. 

The similar approach was applied for Other materials. The value of slope for PFA 

were 0.0456 Nmol.m-2.min-1 for Approach A data set and 0.0329 Nmol.m-2.min-1 

for Approach B data set. For Electro polished stainless steel 0.208 Nmol.m-2.min-1 

for Approach A data set and 0.0392 Nmol.m-2.min-1 for Approach B data set. For 

Copper  the slope with approach A dataset is 0.005 Nmol.m-2.min-1 and 0.0164 
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Figure 5.1: Signal of VOC in bypass and test pipe (PFA) at di�erent saturation
times. Red color shows less saturation while black shows more saturation time.

A dependency of saturation time was calculated as the slope of the linear line
for both approach A and B, as shown in Figure 5.2 for PFA. A similar approach was
applied for other materials. The value of slope for PFA was 0.0456 nmol·m≠2·min≠1

for approach A data set and 0.0329 nmol·m≠2·min≠1 for approach B data set.
For electropolished stainless steel 0.208 nmol·m≠2·min≠1 for approach A data set
and 0.0392 nmol·m≠2·min≠1 for approach B data set. For Copper the slope with
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5.1 – Irreversible losses J

approach A dataset is 0.005 nmol·m≠2·min≠1 and 0.0164 nmol·m≠2·min≠1 with
approach B data set. For Sulfinert®, the slope with approach A dataset is 0.001
nmol·m≠2·min≠1 and 0.014 nmol·m≠2·min≠1 with approach B data set.

 

Nmol.m-2.min-1 with Approach B data set. For Sulfinert®  the slope with approach 

A dataset is 0.001 Nmol.m-2.min-1 and 0.014 Nmol.m-2.min-1 with Approach B data 

set.  

 

 

 

  

 
Figure 59. PFA, Sensitivity of irreversible reacted amount per unit area per unit 

time on Saturation time. 

 

The Data with approach B was more reproducible and was consider the 

representative method in this work. All the data sets were corrected to a saturation 

of 60 min. The standard deviation of the data was reduced for PFA from 36% to 

22% and for stainless steel from 40% to 34% while for other materials no significant 

change were observed. It is because for Sulfinert® and Copper the values are very 

small with higher standard deviation. The mean values and standard deviation of 

the data set before and after correction are reported in Table 30. 

Table 30: Irreversible reacted flux (J) for different materials raw data and 
corrected 
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Figure 5.2: PFA, Sensitivity of irreversible reacted amount per unit area per unit
time on saturation time.

The data with approach B was more reproducible and was consider the rep-
resentative method in this work. All the data sets were corrected to a saturation
of 60 min. The standard deviation of the data was reduced for PFA from 36% to
22% and for stainless steel from 40% to 34%, while for other materials, no signifi-
cant changes were observed. It is because, for Sulfinert® and Copper, the values
are very small with a higher standard deviation. The mean values and standard
deviation of the data set before and after correction are reported in Table 5.2.

Table 5.2: Irreversible reacted flux (J) for di�erent materials raw data and cor-
rected.

J ‡ ‡% J1hr saturation ‡%
nmol · m≠2 · min≠1 nmol · m≠2 · min≠1 nmol · m≠2 · min≠1

PFA 3.24 1.16 36% 3.29 22%
Stainless Steel 3.31 1.31 40% 3.16 34%
Copper 1.48 0.25 17% 1.46 17%
Sulfinert® 0.17 0.05 33% 0.14 33%
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Estimation of irreversible losses and memory e�ect

The response signal of VOCs for di�erent materials are shown in Figure 5.3.
as expected, the Sulfinert® coated materials show lower interactions and a very
small di�erence was observed between the signal of VOCs in the bypass and test
pipe. The di�erence between the signal in bypass and test pipe was negligible for
Copper; however, with method B (analysing the signal after a storage time), there
was a significant loss observed that could be seen in Figure 5.3. A fluctuation of
the signal was observed with electropolished stainless steel with more mass reacted
over the surface.

Figure 5.3: Signal of VOC in bypass and saturated test pipe during measurements
for irreversible losses.

5.1.1 Sensitivity of reacted mass flux with temperature
Sensitivity of mass flux on temperature was performed with the available data.

The temperature range was 9°C for PFA and 3°C for Stainless steel and Copper
while 5°C for Sulfinert®. The sensitivity coe�cient was calculated as linear slope
over data corrected to 1hr saturation time as depicted in Figure 5.4. A sensitivity
coe�cient of 0.0298 nmol·m≠2·min≠1·K≠1 for PFA and 0.478 nmol·m≠2·min≠1·K≠1

for Stainless steel 0.168 nmol·m≠2·min≠1·K≠1 on Copper and 0.0033 nmol·m≠2·min≠1·K≠1

on Sulfinert®. due to limited range, no correction was made to the data for tem-
perature.
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5.1.1 Sensitivity of Reacted mass flux with Temperature  

 A sensitivity of mass flux on temperature was performed with the available 

data. The temperature range was 9K for PFA and 3K for stainless steel and Copper 

while 5K for Sulfinert®. Sensitivity Coefficient was calculated as linear slope over 

data corrected to 1hr Saturation time as depicted in Figure 61. A sensitivity 

coefficient of 0.0298 Nmol.m-2.min-1.K-1 for PFA and 0.478 Nmol.m-2.min-1.K-1  

for Stainless steel 0.168 Nmol.m-2.min-1.K-1 on Copper and 0.0033 Nmol.m-2.min-

1.K-1 on Sulfinert®. due to limited range no correction was made to the data for 

temperature. 

 

Figure 61: Sensitivity of Irreversibly reacted mass flux on Temperature for 

different materials. 

5.1.2 Sensitivity of Reacted mass flux with Pressure 

 A sensitivity of mass flux on Pressure was performed with the available 

data. The Pressure range was 7K for PFA and Sulfinert® and 8K for stainless steel 

while 4K for Copper. Sensitivity Coefficient was calculated as linear slope over 

data corrected to 1hr Saturation time as depicted in Figure 62. A sensitivity 

coefficient of 142 Nmol.m-2.min-1.MPa-1 for PFA and 043.4 Nmol.m-2.min-1.MPa-1  
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Figure 5.4: Sensitivity of irreversibly reacted mass flux on temperature for di�erent
materials.

5.1.2 Sensitivity of irreversibly reacted mass flux on pres-
sure

Sensitivity of mass flux on pressure was performed with the available data. The
pressure range was 7 KPa for PFA and Sulfinert® and 8 KPa for stainless steel while
4 KPa for Copper. The sensitivity coe�cient was calculated as linear slope over data
corrected to 1hr saturation time as depicted in Figure 5.5. A sensitivity coe�cient
of 142 nmol·m≠2·min≠1·MPa≠1 for PFA and 043.4 nmol·m≠2·min≠1·MPa≠1 for
Stainless steel 11.2 nmol·m≠2·min≠1·MPa≠1 on Copper and 2.9 nmol·m≠2·min≠1·MPa≠1

on Sulfinert®. Due to the limited range and limited no of experiments, the pressure
correction had a negligible e�ect on data.
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for Stainless steel 11.2 Nmol.m-2.min-1.MPa-1 on Copper and 2.9 Nmol.m-2.min-

1.MPa-1 on Sulfinert®. due to limited range and limited no of experiments the 

Pressure correction had a negligible effect on data. 

 
Figure 62: Sensitivity of Irreversibly reacted mass flux on Pressure for 

different materials. 

 

 

 

5.2 Release due to memory effect 

The memory effect of the tubes was estimated as the mass release from unit 

surface area per unit time M. The mass release due to memory effect from the walls 

of pipe are calculated using two different approaches. The Approach A based on 

the difference of the signal of VOC in bypass and tube. The Method B as an average 

release over a time. The release mass from unit area per unit time  (M) was 

measured at different cleaning time and the effect are shown in Figure 58 over 

repeated experiment for PFA tube. Experiments were performed at 58 Sml.min-1. 

The area under the curve was reduced with cleaning time that results the reduction 
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Figure 5.5: Sensitivity of irreversibly reacted mass flux on temperature for di�erent
materials.

5.2 Release flux due to memory e�ect
The memory e�ect of the pipes was estimated as the mass release from unit

surface area per unit time (M ). The mass release due to memory e�ect from the
walls of the pipe are calculated using two di�erent approaches. Approach A based
on the di�erence of the signal of VOC in bypass and pipe. Approach B as an
average release over time. The released mass from unit area per unit time (M )
was measured at di�erent cleaning times, and the e�ect is shown in Figure 5.6
over a repeated experiment for a PFA pipe. Experiments were performed at 58
Sml·min≠1. The area under the curve was reduced with cleaning time that results
in the reduction of calculated release mass. The rise of the signal was reduced
to a minimum change of signal of air in test pipe and bypass. At lower cleaning,
the equilibrium is not yet reached, and the mass reacted during the equilibrium is
calculated as bias to memory release flux M.
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of calculated release mass. The rise of the signal was reduced to a minimum change 

of signal of Air in test tube and bypass. At lower cleaning, the equilibrium not yet 

reached, and the mass reacted during the equilibrium is calculated as memory 

release. 

 
Figure 63: Signal of VOC in bypass and test tube at different saturation time. Red colour 
shows less saturation while Black shows more saturation time 

 

The dependency of cleaning time was calculated as slope of the linear line for 

Both Approach A and B that are depicted in Error! Reference source not found. 

for PFA. The similar approach was applied for Other materials. The value of slope 

for PFA were 0.0406 Nmol.m-2.min-1 for Approach A data set and 0.0284 Nmol.m-

2.min-1 for Approach B data set. For Electro polished stainless steel 0.0586 Nmol.m-

2.min-1 for Approach A data set and 0.0458 Nmol.m-2.min-1 for Approach B data 

set. For Copper  the slope with approach A dataset is 0.0106 Nmol.m-2.min-1 and 

0.0044 Nmol.m-2.min-1 with Approach B data set. For Sulfinert®  the slope with 

approach A dataset is 0.0044 Nmol.m-2.min-1 and 0.0007 Nmol.m-2.min-1 with 

Approach B data set.  
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Figure 5.6: Signal of VOC in bypass and test pipe (PFA) at di�erent cleaning time
(tsat). Red colour shows less cleaning while black and blue shows more cleaning
time.

The dependency of cleaning time was calculated as the slope of the linear line
for both approach A and B that are depicted in Figure 5.7 for PFA. A simi-
lar approach was applied for other materials. The values of slope for PFA were
0.0406 nmol·m≠2·min≠1 for approach A data set and 0.0284 nmol·m≠2·min≠1 for
approach B data set. For electropolished Stainless steel 0.0586 nmol·m≠2·min≠1

for approach A data set and 0.0458 nmol·m≠2·min≠1 for approach B data set.
For Copper the slope with approach A dataset is 0.0106 nmol·m≠2·min≠1 and
0.0044 nmol·m≠2·min≠1 with approach B data set. For Sulfinert®, the slope with
approach A dataset is 0.0044 nmol·m≠2·min≠1 and 0.0007 nmol·m≠2·min≠1 with
approach B data set.

Similar to the irreversible reacted mass the approach B was consider the repre-
sentative method in this work. The data were corrected to a saturation of 60 min
for all the materials. The standard deviation of the data was reduced for PFA from
39% to 24% and for Stainless steel from 44% to 42% and from 22% to 17% for
Copper, while for Sulfinert® no significant change was observed. The mean values
and standard deviation of the data set before and after correction are reported in
Table 5.3.

The response signal of air for di�erent materials was following the opposite
but the same trend as for VOCs (Figure 5.3) with upward curve. As expected,
the Sulfinert® coated materials and Copper show lower release, and a very small
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Figure 64. PFA, Sensitivity of release amount from unit area per unit time on 

Saturation time. 

 

Similar to the irreversible reacted mass the approach B was consider the 

representative method in this work. The data were corrected to a saturation of 60 

min for all the materials. The standard deviation of the data was reduced for PFA 

from 39% to 24% and for stainless steel from 44% to 42% and from 22% to 17% 

for Copper, while for Sulfinert® no significant change was observed. The mean 

values and standard deviation of the data set before and after correction are reported 

in Table 30. 

 

Table 31: Release flux (M) for different materials raw data and corrected 
 M V V% M1hr saturation V% 

 Nmol.m-2min-1 Nmol.m-2min-1  Nmol.m-2min-1  

PFA 2.32 0.90 39% 2.05 24% 

Stainless Steel 3.44 1.53 44% 2.82 42% 
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Figure 5.7: Sensitivity of release amount from unit area of PFA per unit time (M )
on saturation time.

Table 5.3: Release flux (M ) for di�erent materials raw data and corrected.

M ‡ ‡% M1hr saturation ‡%
nmol · m≠2 · min≠1 nmol.m≠2 · min≠1 nmol · m≠2 · min≠1

PFA 2.32 0.90 39% 2.05 24%
Stainless Steel 3.44 1.53 44% 2.82 42%
Copper 0.66 0.14 22% 0.63 17%
Sulfinert® 0.17 0.05 27% 0.15 27%

di�erence was observed between the signal of VOCs in the bypass and test pipe.
There was a negligible di�erence between the signal in the bypass and test pipe.

5.2.1 Sensitivity of released mass flux with temperature
Sensitivity of release mass flux on temperature was performed with the avail-

able data. The temperature range was 9°C for PFA and 3°C for Stainless steel
and Copper while 5°C for Sulfinert®. The sensitivity coe�cient was calculated
as linear slope over data corrected to 1hr cleaning time as depicted in Figure
5.8. A sensitivity coe�cient of 0.108 nmol·m≠2·min≠1·K≠1 for PFA and 0.385
nmol·m≠2·min≠1·K≠1 for Stainless steel 0.03 nmol·m≠2·min≠1·K≠1 on Copper and
0.0175 nmol·m≠2·min≠1·K≠1 on Sulfinert®. due to limited range, no correction
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5.2 – Release flux due to memory e�ect

was made to the data for temperature.

 

 

 

yPFA= 0.1077x - 0.887
ySS= 0.385x - 7.217

yCu = 0.0302x - 0.176
ySulf= 0.0175x - 0.283

0

2

4

6

21 23 25 27 29

M Flux  
2min-1

PFA
SS
Copper
Sulfinert

yPFA= -0.0101x + 3.16
ySS= -0.1208x + 16.14
yCu= 0.0162x - 1.135
ySulf= 0.0255x - 2.61

0

2

4

6

100 105 110 115

M Flux  
Nmol.m-2min-1

P [kPa]

PFA
SS
Copper
Sulfinert

nmol·m

T [°C]

�

Figure 5.8: Sensitivity of release mass flux (M ) on temperature for di�erent mate-
rials.

5.2.2 Sensitivity of released mass flux with Pressure
Sensitivity of mass flux on pressure was performed with the available data. The

pressure range was 7 KPa for PFA and Sulfinert® and 8 KPa for stainless steel while
4 KPa for Copper. The sensitivity coe�cient was calculated as linear slope over data
corrected to 1hr cleaning time as depicted in Figure 5.9. A sensitivity coe�cient
of 10 nmol·m≠2·min≠1·MPa≠1 for PFA and 121 nmol·m≠2·min≠1·MPa≠1 for Stain-
less steel 16.2 nmol·m≠2·min≠1·MPa≠1 on Copper and 25.5 nmol·m≠2·min≠1·MPa≠1

on Sulfinert®. Due to the limited range and limited number of experiments, the
pressure correction had a negligible e�ect on data.
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Figure 5.9: Sensitivity of released mass flux (M ) on pressure for di�erent materials.
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Chapter 6

Conclusion

The method for the quantification of di�erent kind of interactions of VOCs with
surfaces of commercially available pipes usually used for sampling of VOCs have
been developed. The need for the accuracy of VOCs measurements at ppb to ppt
level has always been stressed in many fields of life, from therapy monitoring to cli-
mate change monitoring and to indoor air quality. A key topic is the quantification
of the amount of losses that can be considered as a bias for the measurement of the
amount of VOC. The methods proposed here are the experimental quantification
of interactions that reaches an equilibrium between a gas mixture and a pipe wall,
irreversible losses, and release due to memory. Even if the actual quantification is
at ppm level, due to the available VOC mixture source and the available detector
(FID), the methods are applicable in principle to lower concentration levels depend-
ing on the availability of a mixture source and a detector. The ppm level assures a
good reproducibility and has insights to lower levels if the interaction mechanisms
remain the same as expected.

The 4-ways valves are really e�ective in switches giving a limited disturbance
on pressure and signal and minimize the surface area in the bypass. The use of a
capillary tube as a pressure drop device allows reducing the pressure di�erence in
the pipe and bypass. Sonic nozzles allowed good stability to the flow rates working
being independent on the discharge pressure. Still, the e�ect of temperature on
the sonic nozzle changes the flow rate by changing the density of the flowing gas.
The control of temperature and pressure was not critical and was really very broad.
However, the estimation of average temperature and pressure inside the test pipe
was e�ective for the calculation of the biases during the measurements. The Major
source of uncertainty is the integral of the signal, and a stable signal with less fluc-
tuation helps in reducing the uncertainty for adsorbed amount while for equilibrium
constant, the pressure fluctuation during the experiment has a significant index of
100%. Working at high pressure reduces the signal fluctuation and also reduces the
relative di�erence of pressure drop in test pipe and bypass.

The method for quantification of equilibrium constant Ke was applied to four
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Conclusion

di�erent materials of di�erent characteristics at di�erent physical condition. The
reproducibility of the method for calculation of the adsorbed and desorbed amount
per unit area and equilibrium constant were tested in more detail for Sulfinert®.
A long pipe was tested as a whole and then cut into three di�erent samples of the
same length in order to investigate the reproducibility and measure the di�erence
between di�erent samples of the pipe. The di�erence between the amount adsorbed
and desorbed was measurable for all the materials except Sulfinert®. due to its
inert coating allows almost all the materials to reproduce during desorption. The
reproducibility of the amount adsorbed and desorbed was higher for Sulfinert® 5%
and 6%, respectively, and lower for Copper 19% and 9% due to reaction on the
surface of the wall of Copper.

The dynamic of the phenomenon can be analyzed based on the rate of reaction
at which equilibrium occurs. In polymeric materials, the irreversible losses due to
permeation are significant and can be measured as mass per unit area per unit time
(J ) is measured to quantify these losses.

The memory e�ect of the pipe plays a role during repeated use of pipe and is
estimated as a mass release from unit area per unit time, i.e., release rate (M ). The
methods for irreversible losses (J ) and release due to memory (M ) were applied in
detail for PFA pipe and electropolished Stainless steel, and the e�ect of saturation
time, temperature, pressure were analyzed in order to consider the e�ect as bias.

The methods were able to compare di�erent materials and scenarios in order
to investigate competition between substances. Good control of the temperature
and pressure during the experiments will allow us to have a stable flow and signal.
These methods were able to measure the interactions, and di�erentiate the response
of di�erent materials at ppm level. This work is aimed to fix a starting point of
a quantitative method for the measurement of reversible interactions, irreversible
interactions, and memory e�ect before applying the method to the low amount of
substance fraction. The proposed quantitative method for measurement of interac-
tions in sampling lines to o�er reliable data to calculate the biases a�ecting VOC
measurements.

In future work, these methods can be extended to lower amount of substance
(ppb) with a PTR-MS as a detector, with acetone, methanol, and ethanol as VOCs
and at di�erent levels of moisture, in order to calculate the biases during measure-
ment of VOCs. However, the measurement at low level requires more attentions
to the biases during the measurements. The method can be used to compare the
response of di�erent materials that are usually used for sampling at trace level and
can be applied to di�erent applications.
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