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Abstract

The subject of this PhD is the development and testing of a portable membrane
inlet mass spectrometer (MIMS), for the in-situ measurement of volatile organic
compounds (VOCs) in alir.

There are several types of VOC monitor available, but few are able to monitor
in-situ with near real-time measurements at concentrations around or lower than
ppm levels. This PhD focuses on the development of the MS-200 and
demonstrates its performance in laboratory and field conditions to analysis a

range of VOCs.

The first chapters of this thesis describe the design considerations that led to the

development of the MS-200. It also discusses the working principles of the
instrument and the laboratory based performance tests that compare the
performance of the MS-200 with the industry standard VOC monitor.

As the MS-200 has sensitivity and detection limits down to ppb levels, it
overcame the limitations of many other instruments, and enabled its use for
many new applications. For example, aromatic and chlorinated hydrocarbons
report detection limits of between 600ppt to 20ppb, other VOCs investigated,
reported detection limits between 20 to 300ppb, low molecular weight alcohols
report detection limits of 0.4 to 6ppm. However, some applications require even
lower detection limits, so an alternative inlet system was developed to increase
the sensitivity but at the expense of the near real-time measurement capability.
Typically the alternative inlet system reduces detection limits by two orders of
magnitudes compared with the standard MS-200.

Subsequent sections of this thesis describe and discuss a range of real world
applications for the MS-200. Most of these investigations were successful,
although a number would need some further work before the MS-200 would be

capable to perform such applications routinely in a commercial environment.



The applications discussed include: Investigations into arson where the
instrument can be used to detect remnants of accelerants used without needing
to return samples to the lab, giving the potential to save both time and money;
Monitoring personal exposure to benzene when refuelling a petrol car, where the
MS-200 demonstrated the advantage of portable real-time monitoring. It was
found that during refuelling the operator could be exposed to benzene
concentrations of a few hundred ppb to 4ppm for a duration of about 3 minutes;
Measuring VOC markers in human breath as a diagnostic tool for cancer and
other illnesses; The use of the MS-200 as an "artificial nose" in the food quality
and flavour analysis.

The thesis discusses the advantages and limitations of this technology as well
as providing a series of recommendations for its future development.
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1. Introduction

This chapter provides an overview of the nature of Volatile Organic

Compounds (VOCs) and their importance in the atmosphere, the
environment and health of humans. As a result of environmental and health

implications, VOCs are routinely measured at the work space and sources of
emission. Additionally concentrations of selected atmospheric VOCs are
routinely measured through local and large-scale national networks of VOC
monitors. VOCs are a complex group of chemicals and hence require
sophisticated measuring methods to quantify their concentrations in the
atmosphere. This PhD investigates a novel instrument that measures VOCs,

together with its working principles and its uses.

This chapter will discuss the nature and source of VOCs, their effects on
nature and humans. In addition it will introduce some current technologies

commonly used for measuring VOCs.

1.1. Nature and Sources of VOCs

VOCs are defined by the Department of the Environment as "a wide range of
carbon-containing gaseous pollutants, including hydrocarbons and their

oxygenated and chlorinated derivatives" (°EFRA 2003)

VOCs have natural, as well as man made sources, The most abundant VOC
emitted into the atmosphere is methane, produced by various bacteria, when
breaking down and digesting organic matter (PEFRA2003) 4 ar natural VOCs
include chemical emissions from plants, for example isoprene and mono-
terpenes (Owen et al. 2003, Komenda et al. 2001) o issinng from volcanic sources and
fires (Schauer et al. 2001, Austin et al. 2001, Ciccioli et al. 2001). Man made (anthropog eni c)
sources of VOCs include the use of solvents (for example methanol,
propanol), road traffic (1,3-butadiene, benzene, toluene, xylene) (Sadier et al. 2002,
Pfeffer et al. 1835, AEAT 2003, Batterman et al, 2002, Mohamed et al. 2002)’ the production,
distribution and use of fossil fuels (benzene, toluene, xylene) (CONCAWE 1829,
fones 2000 BEFRA 2001, DEFRA 2002) 55 weell as other many industrial processes

(phosgene, trichloroethane, alkaneg) (Sadier et al. 2002, Katzenstein et al. 2003, AEAT 2003)
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The estimated annual emission of VOCs (excluding methane) in the UK in
1997 was 2,130kilotonnes. The amounts for different VOC sources in the UK
are shown In Figure 1 and are taken from the national emission inventory
AEAT2099) The national emission inventory estimates the quantity and location
of emissions of all quantifiable sources of most of the pollutants of concern
for the UK government, such as VOCs, benzene, 1,3-butadiene, methane, as

well as inorganic pollutants such as nitrogen oxides and carbon dioxide.

| 1997 UK VOC Emissions by Source

0 5 10 15 20 25 30 a5 % of total emission

Road Transport

Solvent Use

Domestic Heating

Industrial Plants

Other Sources and Natural Processes

Figure 1: 1997 Emissions of non-Methane VOCs in the UK (data extracted from AEAT 2003)

From this figure it can be seen that the majority of the VOCs.are from road
transport, although a significant proportion are from natural processes (such
as i1soprene and mono-terpenes emissions from vegetation, which are not
desirable to be reduced, but still play a part in the formation of ozone “*"
Hopke 2003)y “Most of the VOCs will have an effect on the formation of ozone.
However, if only the VOCs of direct health impact are considered, then these
proportions would be very different, for example 71% of benzene and 85% of
1,3-butadiene emissions are from road transport €AT2%°) These numbers
are often not so different in urban areas, for example In Lé)ndon where the
proportions are 74% and 93% respectively - although it should be noted that
the London inventory includes the area up to the M25 (motorway ring around

London), a significant proportion of which is fairly rural (Sadfe’ W S,

The above discussion is about estimated emissions of VOCs: Real
concentrations are monitored throughout the UK by the Government and
local authorities, as well as universities and airports. The results from the

Government networks are provided on the web on the UK Air Quality Archive
(DEFRA 2003a)



1.2. Effects of VOCs

VOCs have different effects on nature and humans. These effects include
playing a role in the formation of photochemical smog, by assisting in the
formation of ground level ozone (G4 Hopke 2003, DEFRAZ0013) \yhich adversely
affects human health and plant growth. VOCs, dissolved in water or soil
adversely affect fauna and flora. Methane and a number of other VOCs are

greenhouse gases and the Intergovernmental Panel on Climate Change

extensively researches their effects (F7¢ 2007,

At high concentrations, most VOCs will have a poisonous effect on humans.
Prolonged exposure to the many VOCs at low levels can also be hazardous
to health as many are suspected of being carcinogens WM 1997 Tha United
Kingdom Expert Panel on Air Quality Standards (EPAQS) recommended that
in ambient air, the concentration of benzene should not exceed a 5ppb
annual average, and 1,3-butadiene should not exceed a 1ppb annual
average €A% 199 n the UK the national government has published strict
air quality standards for benzene and 1,3-butadiene (P=FRA2000)  Trhacq
concentrations, as well as a further target set by the European Union of
1.54ppb annual average of benzene, will have to be met by 2010 (€€ 2000,
The US EPA is also concerned about heaith effects of benzene and other
VOCs EPA2000 Ag 3 result of the adverse environmental impact of elevated
VOC concentrations in the atmosphere many international treaties discuss
the reduction in manmade VOC emissions €€ 2001

Most countries have legislation that controls emission of VOCs into the
atmosphere and the exposure to VOCs at the workspace. The UK Health and
Safety Executive (HSE) published a list of "Control of Substances Hazardous
to Health” (COSHH), including many VOCs HSE1%8T) £qr axample the

8 hourly time weighted average exposure for benzene should not exceed
Sppm, the one for carbon disulphide is 10ppm and toluene is 50ppm.



1.3. Monitoring VOCs

Wherever VOCs are of interest, there is a need for their concentrations to be
monitored. Where there are legislative targets, Governments need to know
whether or not VOC concentration targets are met and therefore have
monitors placed in representative locations around the country AEAT2003)
order to reduce the VOC levels where they are above the relevant targets it is
important to monitor their sources. The HSE and employers need to know if
the workplace air is within the workplace exposure limits "% **") |t is also
important to monitor VOCs at various levels and locations in order to
enhance the understanding of their occurrence and concentrations in the
environment, and our exposure to them as highlighted by Saarinen et al.
(2000) and CONCAWE (1999). People spend considerable time indoors and
therefore it is important to monitor and understand the differences between
indoor and ambient VOC concentrations (M2™s°" 19%8)  Ag neople move around,
and hence can be exposed to different sources and/or emission rates, it is

also important to monitor and understand the actual personal exposure to
VOCs (Na. Kim. 2001)

There are numerous other reasons for monitoring VOCs. These include
- Industry needs to know how their processes are functioning, and so
monitoring is part of many production processes (Fhan Auth 1993)

- Food research monitors VOC emissions from foods to identify food
quality (Zubritski 2000)

- Law enforcement agencies - such as the police together with the fire
brigade use the monitoring of VOCs to identify potential cases of arson or
other criminal activities (Betsch 1896),

- Recently there has been a lot of interest in monitoring VOCs in human

breath to be used as a non-invasive diagnosis tool for various diseases
(Gordon et al. 2002, Phillips 1992A)

There are several ways of monitoring, either in-situ by analysing a sample
directly, or by taking a sample to the analyser. Many current technologies for
air pollution or VOC analysis still follow the principle of collecting a sample of
the air by collecting and storing it in a canister €PA T4 or adsorbing the
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chemical of interest onto a solid adsorbent ™ 7%, The samples are stored
and transported to the laboratory, where the analysis is performed. One

common example of this is employing a passive diffusion tube on a site of
interest, which is generally left there for 2 to 4 weeks collecting a sample that

is averaged over that time, and which is then sent to the laboratory for
analysis (Kessemeier etal. 2002) Eor ambient VOC monitoring the need for semi-

continuous in-situ monitoring is accepted, and therefore DEFRA operates
VOC monitoring stations at selected sites throughout the UK, avoiding
sample collection and transport to a central laboratory =74 20032)

The Government use, and recommend local authorities to use in-situ
sampling monitors, where a sample is taken, but analysed more or less

immediately. Monitors for benzene and 1,3-butadiene use a pumped
sampling device on to adsorbent cartridge, where analysis is carried out by

gas chromatographic determination (P5FRA200%5)

Concentrations of various VOCs in the above mentioned applications can be

within the following ranges:

e ppt (10"‘"’) for environmental applications and VOC measurement in

human breath testing Fhilips et al. 1994a)

o ppb (10°°) for ambient and indoor air quality (e et & 2002, Na, Kim 2001,
Wiadinmyer et al. 2001}

o ppm (10%) for personal peak exposures when handling VOCs and
industrial emission (Bono et al. 2003, HSE 1997)
e percentage levels in process monitoring.

As seen from this, concentrations of VOCs that are of interest span 10 orders
of magnitude and include a huge range of chemicals. This results in a broad
requirement onto potential monitoring techniques. The background matrix
(i.e. the chemicals or matter around the VOC of interest) can be simply one
inorganic gas, like nitrogen, or can be very complex matrixes of inorganic
gases, different VOCs, and water or soil. This adds further requirements onto

VOC monitors.



Using the common technique of initial sampling of the VOCs followed by
analysis off-site can have disadvantages. Samples might change due to
adsorption or interactions with other constituents of the sampling matrix
during storage. In studies, Taylor (1987) found the collection of air samples
and their transport to be the biggest source of errors when analysing air
using these methods. The analysis of air in-situ improves the accuracy and
simplifies the sampling and analysis process and therefore is able to
significantly reduce the possible errors and the cost of analysis (Tavor 1987)
(Beriley et al. 1991) ' Ochiai et al. (2003) investigated the stability of 58 VOCs in
stainless steel canisters, and found that stable concentration for some
components are dependent on the water content. Some of the components
under investigation were very stable over a period of 14 days. The group of

thiols was highly unstable and could not be found after more than 3 days of
storag e (Ochiali et al. 2003, Ochial et al. 2002).

In addition to not having the above disadvantages, other advantages of in-
situ analysis are the near real-time analysis and delivering immediate results
from the analysis. Such methods allow a dynamic sampling strategy at lower
cost and with reduced sample handling. Due to the fast response time,
applications can include the monitoring of sites of chemical accidents or fires,
allowing appropriate protection of the people dealing with, or being involved
in an emergency situation. Further applications include defence applications
where continuous monitoring can be performed on suspected sites during
times of high risk of chemical attacks (Bavkut Franzen1994) 15 a recent study,
Alonso et al. (1999) compared sample adsorption and laboratory based GC
analysis with the results from a portable GC and found the portable unit to
provide valuable additional information to the lab-based method.

l.aboratory based techniques, relying on collecting samples on adsorption
traps or canisters, provide an average concentration over the time of loading
the adsorbent trap or a énap shot of the concentration whilst filling the
canister. Real time or near real time analysis in the field offers the potential to
monitor changing VOC concentrations over time and allows the observation
of high concentration peaks (like the personal exposure experiments
described in section 5.1). It also allows situations to be better understood; for
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example, for tracing the source of a leak. In-situ methods are also of
advantage where the monitoring site is remote and monitoring resuits are
needed faster than samples can be sent to the laboratory and analysed there
(like air quality monitoring on the international space station described in

section 5.4.1).

1.4. Current Technologies for the Measurement of VOCs

There are many different methods for analysing VOCs in air. Some of the
methods use a chemical reaction with a solvent and subsequent analysis of
the changes in the solvent. Other commonly used techniques monitor optical
emissions from the chemical of interest when that chemical is reacting with
another reagent gas, or the absorption of the samﬁle when it is exposed to a
specific radiation. VOCs can also be measured and identified by determining

their molecular weight using mass spectrometric methods (Naumer. Heller 1990,
Settle et al. 1997).

As highlighted, transportable equipment allowing in-situ analysis has distinct
advantages over laboratory based techniques. As a result of this, the
techniques discussed in this section have the potential to be taken into the
field and to perform specific VOC analysis, leaving out technologies, used to
measure a total VOC concentration. The techniques described are
considered only in terms of basic working principles. The intention is to
indicate the differences in the analytical methods rather than providing a
comprehensive guidance for application. The advantages and disadvantages

of the methods are also briefly discussed.

1.4.1. VOC Analysis by Gas Chromatography

Henry (1997) has reviewed studies investigating VOCs in ambient air. These
studies have been completed almost exclusively with gas chromatograph
(GC) or gas chromatograph with mass spectrometer (GC/MS) methods.
Some recent studies, measuring VOCs, and performed with GC or GC/MS
methods are: Escalas et al. (2003) investigating VOCs in a sewage treatment
plant; Gordon et al. (2002) measuring VOCs in breath as bio markers for
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active and passive smoking; Na, Kim (2001) investigating the seasonal
characteristic of ambient VOCs concentrations in Seoul.

GC methods use the three stages of sampling, separating the sample into its
constituent molecules and then detecting the separated constituents.
Sampling is commonly undertaken by adsorption of the VOCs onto a solid
material “PAT9Y or by pumping the air into special treated stainless steel
canisters €PATO19) The separation of the sample is performed in a gas
chromatograph by injecting or desorbing the sample into a carrier gas stream
(the mobile phase) that is led through a coated capillary column. Interactions
between the sample and the column coating (the stationary phase) cause the
iIndividual compounds to require different times to travel through the column.

In this way the individual compounds are separated and appear at the end of
the column as single molecular peaks. The time taken for a sample to elute
from the column depends on the compound, the column coating and length,
the flow rate of carrier gas and the temperature of the column. The output of
the column is monitored using a detector that is sensitive to a change in
hydrocarbon concentration within the carrier gas stream. The detector will
then report a chromatogram, which is a graph of measured hydrocarbon
concentrations versus time. The areas underneath the reported peaks are
used to calculate the concentration of a compound; the elution time is used to
identify the compound. The schematic of such a system is shown in Figure 2.
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Mixtures of components, released from the heated adsorption trap, are slowly separated

due to interaction with the stationary phase of the separation column, and appear
individually on the end of the column, where they are detected.

Figure 2: Schematic of Gas Chromatograph with thermal desorption

The different detectors that are used are flame ionisation, photo ionisation,
electron capture or mass spectrometers. Detection of VOCs using this

method can be performed down to the ppt concentrations, when having good

separation and a highly sensitive detector e €& 1997)

1.4.2. Ultra Violet or Visible Light (UV/VIS) Spectroscopy

This method enables the gases in a mixture to be analysed from their
absorption spectra in the visible (wave length of 400 to 800nm) or ultraviolet
spectral (200 to 400nm) regions. A light beam is passed through a sample of
air. After a known path length, the absorption of the light source by the

sample is measured. This absorption depends on the Beer Lambert's
absorption law that states the relationship between the quantity of light
absorbed and the number of molecules in the light path, and is caused by
promoting electrons in the molecules from a ground to an excited state. A
monochromator scans through the wave range of the light source and leads
the filtered light to the detector. The detector therefore produces an
absorption spectrum for the wave range of the light source. A computer then
matches the information gained with a library of spectra and sensitivity
factors, and identifies the chemicals and calculates their concentrations in the



sample. A schematic of this system is shown in Figure 3. Settle et al. (1997)

and Naumer, Heller (1990) describe the working principles of this method in
further detail.

I_ I
Light Path

| UV/VIS |through Sample\
source """" I

Data

Processing

|

Detector

Figure 3: Principle of UV/VIS spectrometry

This method is available in portable analysers, but sensitivity is commonly
imited by the length of the light path through the sample. To achieve higher
sensitivity the light beam is reflected by mirrors and allowed to pass several
times through a closed measurement cell to increase the path length. These
closed path analysers are able to monitor a specific point or air parcel with
concentrations typically in the ppm range. Better resolutions and lower
detectable limits are achieved by instruments that use an open path of
several hundred meters. Open path systems are suitable for measurement
down to low ppb concentrations (©FS!S 1994 AIMT999) "One of the features of
open path analysers is that they deliver an average of the concentration for
the length of the path between source and receiver. Dependent on the
application this can be an advantage or disadvantage. These open path
iInstruments are portable in principle, but require lengthy setting up to achieve
accurate orientation of the source and the receiver, and require mains power
to operate. Open path instruments are commonly used for fence line
monitoring on industrial sites or airports A145s°" 2092) anq for long term air
pollution studies 92" ¢t @ 2991 Open path UV monitors are recommended as
technology by the European Union Network for the Implementation and
Enforcement of Environmental Law (IMPEL), for the measufement of

diffusive VOC emissions from industrial sites MPEL 2000)
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1.4.3. Fourier Transformation Infra Red Spectroscopy (FTIR)

The basic working principle is the same as UV/VIS spectroscopy, as
described in section 1.4.2. The main difference is that only the gases that
have adsorption spectra in the infrared range can be measured with this
system. During data acquisition, a gaseous sample is exposed to a scan over
different wavelengths of infrared radiation. Some of the molecules hit by the
light energy absorb the radiation, and this causes their expansion and
contraction. This absorption of energy is then detected and plotted over the
frequencies of the scan. The spectra are then evaluated by Fourier
transformation and compared to library spectra. This technique is commonly
used, but requires a closed measurement cell, therefore it is limited by the
length of the measurement path and therefore in the concentrations that can
be measured. This makes these instruments very suitable for applications
requiring the measurement of VOCs at mid ppb to ppm level concentrations,
as commonly found in stack gas measurements. Settle et al. (1997), Naumer,
Heller (1990) and Armand, Tullin (2000) describe the working principles of

this method in further detail.

Only gases that absorb light at a wavelength between 2.5-15.4pm can be
analysed with this technology, and in the atmosphere the water peak is a
problem over a significant section of these wavelengths ™and. Tulin 2000)
Detection thresholds are gas and path length dependent, but are typically in
the range of 0.1 to 10ppm AM 1999 Seme systems are supplied battery
powered, but their power consumption of around 100W requires large battery
capacity. Calibration is required only approximately every three months
(AIM1996) Linnne (2000) describes the use of such a system for the air quality
monitoring on the international space station and reports quantification limits
between mid ppb to low ppm levels for various VOCs. Armand, Tullin (2000)
describe the application of such an instrument for the measurement of
unburned and burned combustion gases from a 12MW boiler at the Chalmers
University in Sweden. Wright et al. (1995) describes FTIR measurements for
continuous monitoring of the emissions of various VOCs from a cement
manufacturing plant, reporting concentrations in the low ppm levels,
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1.4.4. Mass Spectrometric Methods

Mass spectrometric methods (MS) are those which are able to measure the
mass of molecules and produce a mass spectra dependent on the chemical.
In most mass spectrometers, chemicals are ionised by either bombarding
them with electrons, ionised molecules, lasers or ultra violet light. Once the
sample molecules are ionised they are accelerated in an electric field. The
beam of ions then is sent through a mass filter, before hitting an ion detector.
Recording the ion current from the detector versus the setting of the mass
filter results in a mass spectrum. The location of a mass peak in the mass
spectrum Is representative of the mass of the ion, and the area underneath

this peak is representative for the number of ions at that specific mass (i.e.
the concentration).

Current technologies for mass filters include quadrupole and magnetic sector
spectrometers. The working principles of MS methods are explained in more
detail in section 2.2.2, MS that work by using a mass filter have the
disadvantage that most of the ion beam created is filtered out when the
spectrometer is analysing one specific mass from the beam. As a result of
this, more sample needs to be introduced in order to achieve a reasonable
sensitivity for the VOC of interest. Time of flight mass spectrometers
(TOFMS) overcome this disadvantage, by measuring all masses within an
jon beam simultaneously, rather than one after the other, as happens with a
mass filter. This results in a much higher sensitivity and, therefore, requires
smaller samples being supplied to the spectrometer. The working principles
of TOFMS analysers are described in detail in section 2.2.2.

These mass spectrometric methods rely on the ion beam that is created, not
interfering with other gas molecules, and therefore they all work in a vacuum.
This means that prior to analysis the sample has to be introduced into the
vacuum system of the MS.

One can distinguish between direct and indirect sampling MS. A common
feature of the sample inlets used, is the fact that the sample flow into the
vacuum of the MS is adjusted to be low enough so that the vacuum pumps of
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the system are able to maintain a vacuum level at which the instrument can
operate. The most common indirect sampling MS is the GC/MS, mentioned
in section 1.3 where the sample is first separated into clean chemical
compounds by the GC and then introduced into the MS to identify the eluting

chemicals according to their molecular masses.

Direct sampling mass spectrometers use mainly three different kinds of inlets
(Wise, Guerin 1937).

a) Capillary restrictors, that allow all gases to enter the MS vacuum at a

similar rate.
b) Membrane inlets, where the sample has to permeate through a selective

polymer into the vacuum.,

c) Atmospheric pressure ionisation and atmospheric sampling glow
discharge ionisation, where the sample is ionised at atmospheric pressure
and then introduced to the MS by means of an orifice and differential

pumping.

Due to the high pumping requirements of the atmospheric pressure ionisation
and atmospheric sampling glow discharge these two techniques (¢) do not
lend themselves to portable instrumentation. The capillary restrictor allows
easy limiting of the sample flow to a low enough level to keep the pumping
requirements of the vacuum system within levels that are acceptable for
portable instrumentation. A big drawback of the capillary restrictor is that all
the components in the sample are introduced at a very similar rate, which
results in relatively high pressures of nitrogen, oxygen and water within the
vacuum system. These high pressures, especially the water, can interfere
with the MS and reduce sensitivity for the VOCs under investigation.

Membrane inlet MS (MIMS) limits the amount of sample that is led into the

MS by forcing the sample to permeate through a thin polymer membrane,
which in most cases is poly-dimethyl-siloxane (PDMS) (ehnson etal. 2000) Tha

advantage of these membranes is that most VOCs will permeate through the
membrane at a higher rate than nitrogen and water, thus resulting in
enrichment (-8Pack etal. 1894) nysadvantages compared with the other Inlets are
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the time delay caused by the permeation through the membrane. This time
delay is dependent on the material, temperature and thickness of the
membrane and is compound specific. The delay is typically in the order from
a few seconds to minutes. Additionally the sensitivities for polar compounds

and chemicals of a high molecular weight tends to be relatively low
(LaPack et al. 1994)

Some of the recent studies using MIMS and reported in the literature include:

o Ketola et al. (1999) has investigated the analysis of volatile organic
sulphur compounds;

o Ketola et al. (1997) has described the development of a MIMS for the
analysis of air samples and investigates the solvents released from a
paint shop;

o Virkki et al. (1995) has investigated the performance of a MIMS
instrument for the measurement of VOCs in water;

o Cisperetal. (1995) have described a MIMS system being used for the
measurement of VOCs with detection limits of ppt levels;

¢ Allenetal. (2001) have investigated the real time analysis of methanol in
air and water by MIMS using different membrane materials.

1.5. The proposed portable system for monitoring of VOCs at low
concentrations

As discussed in section 1.3 there is a need for a portable VOC monitor that is
able to measure VOCs at low concentrations. The requirements of portable
VOC monitors for environmental, personal exposure and industrial monitoring

ale,

o High sensitivity for a large range of VOCs in the low ppb levels, preferably
even ppt levels.

o Low interference of the measurement with the air background matrix,
especially high levels of moisture in the air,

e To be light enough to be carried by the operator, so as to be independent
of vehicular access.
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e To be battery operated for independence from mains power.

e To be rugged, which is a part of real portability, where the instrument
easily might receive shocks whilst being carried to the site of analysis.

o Desirably to have the positive identification of a chemical in the sample,

offered by MS.
e Low requirements of consumables.

o Fast analysis time.

e Safe to use.
e Able to be produced at a competitive price

It was felt that the current technologies for monitoring VOCs either do not
have the required sensitivity of low ppb level detection, are very heavy or
difficult to set up, or are very power thirsty. These disadvantages prevent
them to be able to be adapted to fulfil the requirements of a field portable

VOC monitor that is capable of low level VOC monitoring.

Gas chromatographs have a very high sensitivity, which makes them suitable
to measure most of the VOCs down to ppt concentrations. A disadvantage is
the relatively long analysis time required to collect the sample into a canister
or onto an adsorbent trap EPATO-1. EPATO14) and to separate the different
chemicals in the separation column. This results in an analysis often taking
more than 30 minutes €PA 1997 and commonly more than 1 hour ¢212003)
Some manufacturers offer portable GC systems, allowing field analysis. One
mobile GC/MS (Inficon Inc. Hapsite) system is known to be independent from
power mains or a generator and is commercially available at the time of
writing, and has been developed since this project started (nficon 1996, EPA 1996)
Power consumption for a GC/MS, due to the heating requirement of the GC
and the vacuum pumping for the MS, is quite high and starts at around 200W
and upwards (Inficon 1998, Chrompack 1995, Harris 2002)' A second commercial
transportable GC/MS system available is the Spectra Trak 625 from Viking
Instruments. However, its weight of about 80kg and power consumption of
1000W (average) require a vehicle or trolley for transport and a generator or
mains for operation "2 %97 Other disadvantages of GC systems are the
requirement for compressed gases and high operating cost (€PA 1997 EPA1538)
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UV analysers are mainly used in permanent or semi-permanent fence line
monitoring applications. This is because the setting up of the source and
receiver of the UV light is a relatively lengthy procedure making them not
suitable for portable operation. Additionally, the long measurement path
required for low level VOC monitoring make them unsuitable for
measurement of a time series of concentrations within a small space. This is
also the case as their detection limits in mid to low ppb levels for many VOCs
make them suitable for fence line emission monitoring.

FTIR spectrometers are commonly used in stack gas emission monitoring of
VOCs and other air pollutants. These instruments are portable in principle,
however the very sensitive mirrors within the measurement cell and the
interferometer make them extremely sensitive to vibration and shock, and
require lengthy re-calibration after transport 1°"°2%93) An advantage of these
systems is the high stability of the calibration if the instrument is left

station ary (Honne 2000).

Based on the different drawbacks of the current technologies for some
applications that require portability combined with low detection limits, it was
concluded that the above described membrane inlet, combined with a time-
of-flight (TOF) mass spectrometer would provide a valuable addition to the
existing VOC monitors. This instrument has the potential of near real-time
continuous analysis at ppb concentrations for a large number of VOCs of
concern. Other advantages of the system chosen are the low power
consumption of the TOF mass spectrometer without the GC attachment, the
low weight of the technology and the fact that no consumables are required
for its operation. This provides a genuinely portable and mains independent
instrument, opening up further applications, where both portability and low
detection limits for VOCs are required. These applications could include spot
checks of emissions, measurement of accidental release of chemicals,
continuous personal exposure studies, or some of the applications discussed
in Chapter 5, which investigate the use of this system further.

Many instruments that are offered as portable VOC monitors are mainly
laboratory based instruments that were re-packaged and adapted in order to
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be portable. In order to achieve the above mentioned requirements of a
portable analyser every part of the proposed instrument was specifically

designed for this instrument, always keeping weight, size and power
consumption in mind, and hardly any standard components were used. The

system and the decisions that led to that design are described in more detail

in Chapter 2.

1.6. Alm of the Project and Structure of the Thesis

When starting the work, a portable MIMS technology demonstrator of the
instrument described in this thesis, called a T-CAT, was already in existence
and has been described by White et al. (1898). During the course of this PhD
this instrument was reviewed and improved in order to be more robust, to
have higher sensitivity and lower detection limits for common VOCs,
Additionally, effort was devoted to improve the software and make the use of
the instrument easier. The name of the "final" instrument was changed to the

MS-200.

The aim of this research project was to investigate and improve the analytical
performance of the system and demonstrate its suitability in various
applications that could benefit from a portable low concentration VOC

monitor.

In order to fulfil this aim, the following objectives were set out.

l. Investigate the general analytical performance of the instrument in
laboratory experiments and feed back the findings into the design

process.

1 Investigate the enhancements in detection and sensitivity provided by
an adaptation to the MS-200, which was designed to improve these
aspects.
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IIl.  ldentify and select interesting applications, based on customer
inquiries, investigate their requirements and test the MS-200 on these
requirements, in particular analytical performance and portability.

IV.  Discuss the results of the applications and the analytical performance,
and identify the applications for which the MS-200 could be used.

V. Outline any further development of the instrument or its use that might

be required to fully develop the use of the MS-200 in the applications
identified.

The structure of the thesis is set out below. Chapter 2 describes the working
principles of the MS-200 to allow an understanding of the instrument, and
highlights some aspects of the design. The performance of the instrument
within a laboratory environment is tested and discussed in Chapter 3.
Chapter 4 describes a novel inlet system for the mass spectrometer, which
enhances the sensitivity of the system for many VOCs, allowing the
measurement of ppt level concentrations. Chapter & tested the performance
of the instrument in different interesting applications. Each of the applications
described is presented with an introduction to the specific requirements of the
application; the method employed; the measurements performed; and the
results obtained. Each application is a relatively independent study and
therefore includes separate discussion and recommendation sections. The
resulits of the over all work of the thesis are discussed in Chapter 6.
Conclusions and recommendations for further work are presented in

Chapter 7. An extensive set of appendices includes some further
experiments, some detailed results on the applications chapter, and
additional information on the instrument and the software used.
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2. Design and Working Principles of the MS-200

The aim of this chapter is to describe the working principles of the MS-200.
The chapter will describe the different parameters that influence the
performance of the instrument when analysing a sample or using it for a

specific application.

Most parts of the MS-200 are custom engineered to suit a portable mass
spectrometer. The general physical working principles of many of these
parts, however, are well understood and described elsewhere (Barington 1963,
Puckworth et al. 1990)_ This chapter will describe how existing technology has been
used and adapted within the MS-200. Innovations and differences in design
compared to other mass spectrometers will be highlighted. To help in
understanding the design considerations of a specific part of the MS-200. an
introduction to some physical principles will be provided. Where the
principles are well understood supporting references are provided so as to
avoid unnecessary background theory.

2.1. Design Considerations for the MS-200

As discussed In the previous chapter, it was seen that there is an advantage
in, and therefore a potential market for, the in-situ analysis of VOCs using
portable analytical instrumentation. Before deciding on the technical solutions
of a portable instrument, one has to start with a description of the possible
applications and environments encountered to understand what is needed.
The next step is then to identify some of the key requirements of an in-situ
VOC analyser. This thought process is symbolised in Figure 4, showing the
ideal requirements for such a system.
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VERSATILE
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EASY TO USE

ACCURATE / PRECISE
NO BASE STATION

LOW MAINTENANCE COST

Figure 4: Key requirements of an in-situ VOC analyser

One of the early findings of the feasibility study conducted by Kore
Technology and as discussed in section 1.5, was that the analytical
technique used should be mass spectrometry *°"® 1999 This technique seems
to offer significant advantages over other techniques like gas chromatograph
(GC) or optical methods (see section 1.4). All but one of the other mass
spectrometers (MS) currently available are rather large, he‘avy and power
thirsty instruments. This seems contradictory to the aim of a portable
Instrument, but is not necessarily a feature of a mass spectrometer, as

discussed in the following sections.

At the time Kore Technology made the decision to produce a portable mass
spectrometer, there were already significant attempts in miniaturisation of
existing technologies, however these were mainly one-off prototypes pointing
into the right direction (Hemend 1991) (McDonald 1994) - rather than commercially viable
instruments. Since the MS-200 was developed another portable mass
spectrometer is now available, the Hapsite GC/MS !"eon 1996, EPA1998) Gther
than portable instruments, there were various transportable mass
spectrometers emerging onto the market. These instrument can be
transported in the back of a car or a van and typically require.large batteries
(Meuzelaar et al. 1994, Wise et al 1995, EPA 1997). Therefore it is

or a generator to function

important to distinguished between transportable and portable systems.
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At the time of writing this thesis, the following portable/transportable
instruments (Table 1) were on the market. Note that all of these are gas

chromatograph mass spectrometer (GC/MS) instruments. Currently the
MS-200 is the only commercially available direct sampling portable MS on

the market, known to the author.

Table 1: Portable/transportable GC/MS Systems (Harris 2002, EPA 1997)

K
CT-1128 GC-MS | Constellation
' GC/MS Technology Corp
i Largo, FL, USA _
Hapsite Inficon 16
| GC/MS East Syracuse NY, USA | + base
station

Spectra Trak 672 | Viking Instrument ' 1000
Corporation, Virginia
1 USA _

EM 640 Bruker Instruments “

GC/MS Billerica, MA, USA

' Kore Technology Ltd. “ 20 (aver.)
ly, UK

= 45 (peak

‘i

As a result of the feasibility study into the requirements of an in-situ
instrument and its commercial potential as summarised in the introduction
(chapter 1.5), it was decided to build a membrane inlet mass spectrometer
(MIMS). The advantage of such a system, compared to GC or GC/MS and to
optical systems is discussed in Section 1.4 of the introduction. The different
parts of the mass spectrometer, and decisions on the specific choice are
described in the following sections of this thesis (sections 2.2 to 2.5). The
resulting instrument, based upon the choices discussed below can be seen in
Figure 5. The weight of the instrument is 20kg and the power consumption
averages below 20W with a peak power requirement of 46W. Dimensions of
the instrument are 531 x 328 x 213mm (w x d x h). Instrument control and

data analysis is performed using a laptop computer.
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Figure 5: The Kore Technology Transportable Mass Spectrometer MS-200

2.2. The Mass Spectrometer

As discussed in section 1.5, mass spectrometry is one of the most versatile
and powerful analytical techniques available. The different variations of mass
spectrometers and the ancillary equipment like gas chromatography (GC)
and liquid chromatography (LC) allow a huge amount of different analytical
tasks to be solved. In their different forms they can analyse gases, liquids,
solids and solid surfaces. The mass spectra produced give valuable
Information on the chemical structure of the analyte, that can be used directly
to identify the compound analysed. Their sensitivity, commonly down to the

ppt range, can sometimes make them the only available tool for trace
analysis.

A mass spectrometer is principally made up of a vacuum system, with an
iInlet for the sample, an ionisation source, mass separation, detection system

control electronics and data analysis system. The principle parts and their

Interactions of the systems are shown in Figure 6.
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Figure 6: Block diagram of the different components of a mass spectrometer

The various components from the block diagram in Figure 6, which make up

a mass spectrometer, are discussed in the following sections of this chapter.

2.2.1. lonisation Source

Prior to measuring the mass of gas molecules introduced to the mass
analyser they must be ionised. lonisation produces charged molecules. This

is in order to be able to manipulate the direction of travel of the gas

molecules using electric and/or magnetic fields.

lonisation relies on the removal or addition of electrons from the molecules
(positive/negative ionisation). lonisation can be achieved by various different
techniques. The common methods used are electron bombardment
jonisation, gas discharge, laser ionisation, chemical ionisation and photo
ionisation. These different techniques are described and thoroughly

discussed in the literature (Puckworth etal. 1990, Frauenhofer 2002)

The most commonly used technique for gaseous samples is electron impact

ionisation. This is one of the most versatile ionisation techniques, as all
gases present in the analyser chamber will be ionised (Puckworth et al. 1990)

Resulting from this versatility, the technical simplicity, and the potential low

power consumption, it was decided to design the MS-200 using an electron
. 2% -




impact ionisation source. Additional advantages are highlighted in following
description of the ion source.

Electrons are produced by an electron-emitting filament, which is either made
from a heated metal wire (commonly Tungsten), or by using a coating of
compounds with low electron escape energy (e. g. yttrium, thorium) on a
heated metal wire, which provides the electrons. For the ion source of the
MS-200 the coated filament option was chosen, because this coating has the
advantage of very low electron escape energy and therefore very low heating
requirements. This allows the ion source to produce an ion current of a few
hundred microamperes with a power consumption of less than 2 Watt.

The electron-emitting filament is held at a defined electrical potential below
the rest of the ionisation source, in order to accelerate emitted electrons to a
specific kinetic energy. The most efficient ionisation energy for most
components is between 70eV and 90eV Pucweth &2l 19%0) 14 gain the
maximum sensitivity, the electron-emitting filament in the MS-200 is at a
potential of ~70V, with respect to the rest of the ion source, therefore emitting
electrons with energy of 70eV.,

When an electron interacts with a gas molecule, it can introduce disturbances
to the molecule so that it releases electrons, thus making it a positive
charged ion. More commonly, the disturbance is sufficient to fragment the
molecule into various fragment ions (dissociation) (Puckwerth etal- 1990/ A gimple
case of ionisation is illustrated in Figure 7, where the molecule simply loses
an electron and becomes positively charged. More typically a hit molecule
will fragment, as shown in Figure 8. Fragmented ions can be either positive
or negatively charged or in the majority of the cases are neutral, depending
on the attachment of electrons to the different fragments. Whether
fragmented molecules are ionised to create neutral, positive or negative ions
is strongly dependent on the ionisation energy and the properties of the
molecules. To be able to measure all of the results of the electron interacting
with the molecule, sophisticated mass spectrometers allow a change in
ionisation energy, and are able to switch between the analysis of positive and
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negative ions in order to gain the maximum information about the analyte of

Interest.

Most alkanes. aromatic and chlorinated VOCs produce a good yield of

positive ions and ion fragments, when ionised by 70eV electrons
(Duckworth et al. 1990, NIST 1998) Therefore it was decided that it is sufficient for the

MS-200 to only analyse positive ions. This reduces the number of

components and, therefore, reduces cost and weight of the instrument.
. o

e-

Figure 7: positive ionisation of molecule* Figure 8: fragmentation of molecule*

* These pictures represent a simplistic view of a molecule with a base molecule

(blue) that could be for example a benzene ring (CsHe) plus some groups attached to

it (red and green), for example OH, CI

The fragmentation patterns of a vast number of chemicals resulting from the
commonly used 70eV electron impact ionisation are recorded and sorted into

e (NIST9®) \which

libraries of mass spectral patterns like in the NIST databas
holds the positive ions fragmentation patterns of more than 100,000
compounds. Comparing observed spectra with spectra from a database
allows the user to identify unknown chemicals in the sample and is one of the

major advantages of mass spectrometers compared to other gas analysis

techniques.

Common electron impact ionisation sources have an electron-emitting
filament, behind a fine slot, through which electrons of a very narrow energy
distribution pass. The electrons then ionise the sample stream that passes
on the other side of the slot. This produces the continuous stream of ions (ion
beam) that is required for magnetic sector or quadrupole instruments.

However, the ion source of the MS-200 is a static ion source, where both the
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gas molecules and created ions remain in the ionisation source. To get a
sample pulse in the MS-200, an electrical field is applied to the source, and

lons that are present in the source at this time are extracted into the mass
analyser.

A picture of a three dimensional model of the source is shown in Figure 12.
The electron-emitting filament is at a voltage of =70V. The back plate of the
source is at a few millivolts below ground. The extract plate is also at ground
potential. This way the source produces ions that are in an almost field-free
region, which functions as ion storage. To extract ions from the source the
extract plate is pulsed to approximately —400V, thus accelerating all positive
ions from the source into the spectrometer. The filament is surrounded by the
repellor, which is at a voltage of between —-80V to ~110V, depending on the
specific tuning of the instrument. The repellor focuses the electrons emitted
from the filament towards the centre of the ionisation source, increasing the
number of electrons in the preferred ionisation region.

To increase the efficiency of ionisation, the ion source of the MS-200 was
designed as an annular source with a relatively large ionisation area.
Statistically having a large volume of gas through which electrons are passed
results in a large chance of molecules being hit by electrons, and therefore
being ionised. This design offers advantages over the normal point or line

lonisation sources, which suffer from small volumes of ionised sample due to
space charge saturation effects (o™ 1994

2.2.2. Mass Analyser

The purpose of the mass analyser is to separate the ions, produced in the ion

source, according to the mass to charge ratio (m/z). This allows the mass of
the original molecule or a fragmentation ion to be calculated.

Separating ions by their mass to charge ratio (m/z) can be achieved by
various methods. One of the oldest, and still very commonly used, is the

"in the case of a single charged ion (z = 1) one can use atomic mass units (amu) instead
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deflection of an ion beam in a magnetic field. In this case, an ion beam enters
the magnetic field and is deflected onto a circular trajectory. The deflection of
the beam is dependent on the speed of the ions, the mass and the magnetic
field. Therefore if the ion velocity and the magnetic field remain constant.
then only one specific mass of ions from the ion beam will reach the detector
and be recorded. The molecules with other masses are filtered out and will
miss the detector. As a result of this, magnetic sector instruments are
commonly used in a scanning mode. A scanning mode is where either the
iInput velocity of the ions or the magnetic field are continuously changed, and
the ion current reaching the detector is recorded as a function of the
magnetic field Puckwerth etal 1990) This way a complete mass spectrum of

different ions in the ion beam can be produced. The basic working principles

of a magnetic sector instrument can be seen in Figure 9.

focusing slots

;
incoming ion beam, I \

(mixture of masses)

magnetic field

ion of specific mass
I lon, filtered out

ion detector

Figure 9: Principle of magnetic sector mass spectrometer

A disadvantage of these instruments is that sensitivity in the scanning mode
s relatively poor due to the fact that most of the ions will miss the detector.
Using the instrument in a single ion mode only can increase sensitivity. In this
case the magnetic field is fixed, allowing the measurement of only one mass
to charge ratio. A disadvantage here is that none of the other ions in the ion
beam are analysed, so this is used in cases where identification is not the

main concern, but high sensitivity is required.




The constant changing of the magnetic field in the scanning mode results in
high power consumption. The above mentioned inefficiency in the scanning
mode means that more of the sample will have to be introduced, ionised and
pumped away in order to achieve reasonable sensitivity, which increases
power consumption further. As a result of these constraints magnetic sector
mass spectrometers typically have a minimum power consumption of a few
hundreds Watts and are relatively heavy, making them unstuitable as portable
instrumentation.

Further development of mass spectrometers came with the quadrupole
instruments, designed in the early 1950s (Puckworthetal. 1990) | 4hacq
instruments the ion beam is passed through a high frequency electric field
between four electrodes. lons will move in a random path through this field.
Depending on the frequency of the electromagnetic field only the path of one
particular mass to charge ratio ions will be passed through the quadrupole
and reach the detector. A detector on the exit point of the mass filter records
the strength of the ion current over the frequency of the electromagnetic field
(Duckworth et al. 1990) | ike the magnetic sector instruments, described above,
these instruments are used either in a scanning or single ion counting mode.
Quadrupole instruments and variations (ion-trap) are currently the most
commonly used mass spectrometers. As in respect of portability they suffer
similar power disadvantages, as do the magnetic instruments. Nevertheless,

a quadrupole mass analyser was successfully chosen for the portable
Hapsite GC/MS ("cen02) \which is another commercially available portable

(rather than transportable) mass spectrometer on the market today.
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Figure 10: Schematic of a Quadrupole Mass Filter

It was decided that time-of-flight mass spectrometer (TOF or TOFMS)
analysers would overcome some of the disadvantages. TOFMS were
developed in the late 40s (Puckwerthetal 199 byt not very commonly used, unti

the development of high computing power to cope with the fast data rate

produced.

The MS-200 incorporates a pulsed beam TOF. In pulsed TOF instruments,
ions created in a source receive a short electrical pulse and are therefore
accelerated into one direction forming a bundle of ions. This is different to the
constant ion beams used in the other techniques, described earlier, and has
the advantage of the source being at the same pressure than the rest of the
analyser, requiring lower pumping and therefore saving power. After the
acceleration the ion bundle flies through an acceleration free region (drift
tube), before hitting a detector. All ions receive the same start energy given
by the electrical pulse, received from the extractor and the potential slope
created by the ion optics®. This results in ions with a higher m/z having a
slower speed than lighter ions, and therefore taking more time to reach the
detector. Mass separation is achieved by different flight times. The basic

working principles of a TOF mass analyser are shown in Figure 11.

. Despite the fact that all the ions receive the same energy from the ion optics, there are
small variations in the energy spread when the acceleration pulse occurs. This is due to the
direction of movement of a particular ion and the physical location within the source. How the
spectrometer deals with this spread is explained later in this section.
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Figure 11: Working principle of a TOF analyser

The calculation for the mass of a molecule in a time of flight instrument is
described by Equation 1.

m/z =ty + cp * t2

m/z = mass to charge ratio [g/(mole*e)]
to = offset [g/(mole*e)]
Ch = Instrument specific constant dependent on the length of
the flight path, and the acceleration voltages [g/(mole*e*secz)]
t = flight time of an ion [sec]

Equation 1: Mass to Charge Ratio of an lon, Depending on the Flight Time in a TOF Spectrometer

The geometry of a pulsed TOFMS is relatively simple, and the only voltage
changed during analysis of a sample is the extract pulse for the pulsed
source. Unlike in a magnetic sector instrument or a quadrupole the TOF
analyser does not filter out (i.e. reject) any of the masses. This results in
transmission rates (ratio of ions produced to ions actually arriving at the
detector) for such types of mass analysers to be much higher than
transmission rates of magnetic sector or quadrupole instruments, giving
excellent sensitivity over the complete mass range. Transmission rates for
TOF analysers are typically 60% to 80% of ions leaving the source ‘Veman.
oriaes 2000 " Ag a result of this, very little sample needs to be introduced into the
analyser. The small amount of sample required to be introduced to the
vacuum system, together with a source being at the same pressure than the
rest of the analyser chamber results in very low pumping requirements to

maintain ultra high vacuum (UHV).
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TOFMS offers clear advantages over the other techniques described. These

advantages are simplicity of the analyser and power supplies, lower weight

and higher sensitivity. Therefore it was decided to use this technology in the

MS-200.

As mentioned in section 2.2.1 and shown in Figure 12, the Kore TOFMS
uses an annular ion source. The annular source arrangement results in the
production of a ring shaped pulse of ions accelerated from the source into the
spectrometer. In order to be able to use a detector with a relatively small
active area, this ring is collapsed to a point by the time it has passed through
the spectrometer. Collapsing the tube to a point is achieved by means of ion
optics, bending the "beam’ towards the central axis of the spectrometer by
use of electrical fields. The geometry of the "Converging Annular Time of
Flight Mass Spectrometer” is described in detail in a patent K°® 1994 gnq s

shown in Figure 12. The principal electric potential of the ion optics and the

path of ions are shown In Figure 13.
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Figure 12: TOF geometry of the MS-200
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As can be seen in Figure 12, rather than having a purely linear arrangement
with the ion source in one line with the detector, Kore TOF analysers are
equipped with a reflectron opposite the ion source. This reflectron has
multiple uses. Firstly, it increases the length of the flight path for ions and
therefore increases the resolving power of the spectrometer. Secondly, the
reflectron allows focusing ions of the same mass, but with slightly different

start energies (e. g. a variation of about + 7.5% in start energy is focused so
that the resulting mass peak has a width of about 0.2 to 0.3amu, measured at
half the peak height). All ions produced in the source region will be extracted
from the source by the same energy from the extract pulse. Thermal
movement and the physical location of ions in the source prior to
acceleration, result in different ions of the same mass having slightly different
energies when entering the ion optics. This can result in a low mass resolving
power for pulsed TOF analysers, which do not undertake further focusing of
the ions.

Figure 13 shows that the reflectron, used in the MS-200 TOF, produces a
slope in potential, which ions will ‘climb up’ until the point where all kinetic
energy is absorbed. At this point the ions will turn around and accelerate
down the slope in the potential field. When exiting the reflectron, ions will
have the same kinetic energy as before entering the reflectron. lons with a
greater energy due to different start energies within the source therefore will
climb the potential siope of the reflectron higher than ions of lower energy. By
doing so, ions with greater energy will spend more time in the reflectron and
jons with lower energy will spend less time. By tuning the slope (voltage) of
the reflectron, this effect can be used to focus ions of the same m/z but with
slight differences in energy, to take the same time through the spectrometer
to the detector, and therefore improving the mass resolving power of the
analyser.
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Figure 13: The potentials within the TOF analyser

2 2.3. lon/Electron Detector

The purpose of a detector is to detect the arrival of a single ion, or the current
produced by a stream of ions, and turn it into an electrical signal to be
recorded. In the case of the MS-200, which is a pulsed TOFMS, the detector

is used to record the arrival of individual ions.

Micro channel plates (MCP) are commonly used detectors, which consist of a
bundle of fine glass tubes with a diameter of between 5 to 10um that are
internally coated with a secondary emissive layer (silicon dioxide). An electric
field is applied along the tube. If an ion is incident on the coated wall of the
glass tube, it will release multiple electrons from the secondary emissive
layer. Those secondary electrons are accelerated due to the electric field,
and when hitting the wall on the other side of the tube, will in turn release
multiple electrons for each secondary electron. Thus, after multiple impacts,
the electron current created will be high enough to be measured. The
dynamic range for such a detector is typically 107, and output pulse width is

approximately 1ns #"° ") The working principle of a channel plate
detector is shown in Figure 14.
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Figure 14: Working principle of a MCP

Other common detectors are faraday cups, which simply trap all ions from
the ion beam in an analyser and record the current. This kind of detector is
very robust, but not suitable for a pulsed source instrument where it must be

able to record single ion hits, and not the intensity of an ion current.

The detector used for the MS-200 is a discrete dynode electron multiplier. In
this detector type, the ion hits the coated cathode of the detector. Provided
the impact speed of the ion is sufficient, this will release some electrons.
Figure 15 shows that due to a difference of a few hundred volts between the
different plates (dynodes) of the detector, those electrons are then
accelerated towards the next dynode of the detector. When an electron hits
the next dynode, it will release further multiple electrons. This effect
cascades through the different dynodes of the detector until it produces a
current that is sufficient in magnitude to be recorded by a pre-amplifier. The
pre-amplifier converts the output pulses of the detector into an electrical

signal, which is high enough to be processed.

arriving ion

dynode array
R AR A A
S\ WV VWA

first anode

e_
e

Figure 15: Schematic of electron multiplier detector (ETP)
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The electron multiplying detector of the MS-200 has 20 dynodes with a

SGE 2002

typical gain of 1*108 electrons produced per incoming ion . Typical

pulses produced by the detector of the MS-200 are between 10 and 200mV

in height and have a width of about 5ns = %%/ A typical output pulse of the

detector was measured using a fast oscilloscope, and is shown in Figure 16.

;"ﬂ- | s
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sdev 8.89mV 5.03 23.75 3.31
rms 10.56mV 5.89 27.68 3.83
10 ns ampl 29.5mV 16.2 78.0 11.0
10 mv 50 7
2.5 GS/s
I | DC -10.0mV

Figure 16 Output pulse of the detector

The advantage of an electron multiplier compared to a channel plate is the
very short recovery time after a hit. After a detector is hit by an ion, it is
temporarily “blinded” before it is ready to record the next arrival. lons arriving
within this blind time will not be recorded. Recovery time of the detector used

is less than 30ns after a hit ©¢F %%,

A disadvantage of using an electron multiplier detector is that the arrival of
two ions at the same time will only be recorded as one pulse. This, together

with the recovery time causes loss of information. The limitations that this
causes for the analysis will be discussed in Appendix 5 of this thesis.
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For the electron multiplier to work a high voltage is needed between the
different plates. The detector is supplied with a high voltage of —=2.3kV. With
use, the anode of the detector wears out, due to constant ion bombardment
and contamination from cracked hydrocarbons and the output signal
decreases “"*"* - 1%%%) The wear on the detector has to be carefully
monitored, as this is one of the biggest influences in the change of sensitivity
of the instrument. If a large proportion of the output peaks from the detector
drop below the threshold of the pre-amplifier, then a significant proportion of
the counts in the spectrum is not recorded, In this case increasing the
excitation voltage will re-establish the initial gain of the detector of around

1*108 electrons per incoming ion.

2.3. The Vacuum Chamber and Pumps

As described above, a mass spectrometer measures the mass of ions by
passing them through high frequency electromagnetic filters or magnetic
fields. At normal atmospheric pressure (1013mbar) and a temperature of
293K, one litre of air contains 2.88*10% molecules. This density of molecules
means that a molecule that has any speed in one direction will most certainly
hit another molecule within 5.8*10°m (the mean free path length for N,, the
major constituent of air). The mean free path is defined as the “average
distance traversed by all the molecules between successive collisions with
each other, or as the average of the distances traversed between successive
collisions by the same molecule, in a given time” "9, As a result of this,
mass spectrometers require vacuum where the density of air is lowered to a
level at which the interference of the jons with the air molecules can be
neglected. The principle set up of the mass analyser with the vacuum
chamber and the vacuum pumps are shown in Figure 21,

The vacuum levels of the MS-200 are in the range of 107 to 10°mbar. At
these pressures the mean free path of an ion is around 600m. The length of
the flight path of an ion inside the MS-200 is approximately 50cm. Thus
statistically, only one in 1200 ions from an accelerated ion parcel will not
arrive at the detector because of collision with an air molecule. Of course due



to ion optics and focusing slots, a large proportion of the ions are actually
likely to be filtered out before reaching the detector.

Achieving a vacuum at Ultra High Vacuum levels (UHV, below 10" mbar) is a
quite challenging task. At these levels, leakage due to microscopic channels
in the stainless steel crystal structure can cause problems €% 2000 §raanic
materials from polymers will simply evaporate, due to a vapour pressure that
is higher than the chamber pressure, and cause interference with the

analysis.

Vacuum levels of 10-°mbar require a high level cleanliness of internal parts of
the vacuum system. To achieve this cleanliness, all parts are baked under

vacuum at temperatures of 1560°C. Every time the vacuum system of the

spectrometer is exposed to atmospheric air, this baking procedure has to be
repeated due to high levels of moisture adsorbed onto interpal surfaces. To

avoid this high maintenance, it was decided to use a permanently sealed

vacuum system. This system is normally not allowed to reach pressures
above 10-5mbar, and as a result, the user does not need to spend too much

care into maintaining a clean vacuum. Other advantages of a permanently
sealed vacuum system are described later in this section.

The material chosen for the vacuum system is mainly stainless steel. The
advantages of this material are easy availability, relatively low cost, well
established manufacturing and processing, plus availability of reliable sealing
techniques. The disadvantage is relatively high weight. Currently, the vacuum
chamber plus the analyser weight around 4kg. Using aluminium could reduce
this to approximately 2.5kg, but would add significantly to the cost of the

system.

The material used for the ion optics assembly is macor, a vacuum compatible
engineering ceramic, with excellent machining and electrical insulation
properties. Other materials are oxygen-free copper and nickel for the cables,
stainless steel for the electrodes and PTFE tubing for insulation purposes.
The voltage feed throughs are made from nickel pins that are brazed into a
glass disk, which is brazed onto the stainless steel, The system has three
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flanges, one to fit the analyser assembly into the chamber, another to fit the
detector, and the last one is for the gas inlet system.

The pumping requirements of the vacuum chamber are determined by the
internal surface area of the chamber (because of the out-gassing) and the
volume of sample required to achieve sufficient sensitivity for an application.
FFor a relatively small chamber and a very sensitive mass analyser, the
pumping requirement for the vacuum system of the MS-200 is about
2mbar*litre/second.

A very common pumping arrangement for a vacuum system is a turbo
molecular pump together with a suitable backup pump. A turbo pump
consists of a series of vanes. Those vanes spin at speeds of up to
80,000rpm, which pump the gases out of the vacuum system. Considerable
effort has been made by manufacturers to miniaturise these pumps over the
last few years. Small pumps with pumping speeds of a few mbar*litre/second

are now available (Alcatel 2001)

The backup pump is required to start the turbo pump at around 10-3mbar, as
the turbo pump will not work at a vacuum of less than 10 mbar. With a
suitable backup pump, a turbo pump has the capability to pump a system to
a pressure of 10-1mbar.

The major disadvantages of a turbo pump are the requirement for a backing
pump to provide an initial pressure step from atmosphere to 10-*mbar, and

the vibration and shock sensitivity due to the fast spinning vanes. Power
requirements are in the 50 to 100W region for the turbo pump and another
100 to 200W for the backup pump. These points set considerable constraints
for the use of turbo pumps for portable vacuum equipment.

The MS-200 uses an ion pump to maintain the vacuum required for the mass
analyser. An ion pump removes gas molecules by several physical and
chemical processes. Molecules are ionised in a strong electromagnetic field
and then pumped away through different processes described in Table 2.
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Table 2: Different Pumping Processes of an lon Pump (Barrington 1963)
Gaseous jons collide with internal surfaces and adhere to them '
o Gaseous ions dislodge and vaporise atoms of the electrodes on impact,
and the metallic vapour traps some of the gas molecules when it

condenses on the walls (called sputtering).
e lons combine chemically with the walls and electrodes, or with sputtered

electrode material

The pumping speed of this kind of pump is strongly dependent on the gas
being pumped. lon pumps have very good pumping speeds for organic
components and are relatively good for nitrogen. On the other hand, it is
known that noble gases are not pumped very efficiently ' 1999 Relative
pumping speeds for different gas species in an ion pump are shown in
Table 3. To compensate to a certain extent for the difference in pumping
speed for different chemicals, the pump is connected to the main vacuum
system by means of a tube with a diameter that limits the conductance to
about 2 litre/second. Therefore, despite the fact that the nominal pumping
speed of the pump used is about 4 litres/second, the actual pumping speed is
conductance limited by the tube, and therefore the difference in pumping
speed for different components is neutralised up to a certain extent.

Table 3. Pumping speeds f an lon pump dependent on the species (PHI 1999)
CGas Species Pumping Speed (Percent
of Rated Speed)
' 160%
100%
85%

70%

Hydrogen
Carbon Dioxide
~ Nitrogen
Oxygen

~ Water Vapour
Helium

~ Argon
Light Hydrocarbons

 100%
15%
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The lifetime of an ion pump is about 35,000 hours at pressures of 10-mbar
(Varian 19%9), This is equal to around 4 years. The MS-200 operates at
pressures of less than 10-’mbar and in stand-by mode pressures are typically
less than 10-*mbar. Therefore the lifetime of the ion pump in the MS-200 will
be greater than 4 years.

As a result of using an ion pump (and cleanliness, as mentioned above) for
the vacuum system of the MS-200, it was decided to never allow the vacuum
chamber to come up to near atmospheric pressure. If this occurs the
instrument has to be connected to a stationary vacuum system and pumped
to 10-*mbar, before the ion pump can maintain the vacuum. For this purpose
the system is fitted with a 0.5 inch diameter copper tube through which the
pumping takes place. After the pumping is completed, this tube is pinched off
with a hydraulic ram. The cold weld of the copper creates a cheap and
lightweight UHV vacuum seal at the pinch. If, for any reason the chamber
needs venting to atmospheric pressure, this pinch off tube needs to be
replaced and reconnection to the pumping system is required.

A major disadvantage of an ion pump is that the pressure in the vacuum
chamber has to be in a region of 10->mbar before the pump is able to start
pumping. This means an alternative mechanical pump is required to reach a
pressure at which the ion pump will start. lon pumps, however, have no
moving parts and are, therefore, very rugged which makes them ideal for
portable instrumentation.

An additional feature that makes an ion pump ideal for light weight and low
cost vacuum system is the fact that the current drawn by the ion pump is
proportional to the pressure in the vacuum system. Monitoring the ion pump
current therefore allows monitoring of the pressure in the system, saving the
cost and weight of a pressure sensor. The calibration curve for the ion pump
used is shown in Figure 17 (VS 1995)
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‘ lon Pump Current versus Pressure
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Figure 17: lon pump current versus pressure of the MS-200 ion pump

If the instrument is deployed in the field and the battery has been used up,
the instrument might be without power for several days or even weeks. In this
case the ion pump will switch off. To have at least a limited amount of
emergency pumping, a getter pump is included in the system. The getter

pump will keep the pressure of the vacuum chamber at a level where the ion

pump is able to start pumping once it is powered up again.

Getter pumps are very well understood and extensively used in applications
like TV tubes, electronic valves and other commercial vacuum equipment.
The getter pump used is made from a very fine powder made from 84% zinc
and 16% aluminium ©A&52%%9 This powder is coated onto a metal strip that is
folded up and wrapped around a heater filament, as shown in Figure 18.

Getter pumps are very effective at pumping all gases except for noble gases,

which they will not pump at all (SAES 2000, SAES 2009)

Getter pumps can be operated either heated or at room temperature (cold
pumping mode). In the cold pumping mode the getter pump works by the
trapping of gas molecules onto the surface of the getter material. At elevated
temperatures (over around 400°C) the pumping includes diffusion of the

trapped chemicals into the getter material, increasing the pumping capacity.

At room temperature this diffusion of trapped molecules from the surface into

the bulk materials is insignificant (SAES 2003)

W



The pumping capacity of the getter pump, in the cold pumping mode, can be
limited If it is exposed to very high levels of moisture or hydrocarbons. In this
case, heating the pump for ten minutes to a temperature of 400°C helps the
diffusion of molecules from the surface into the bulk of the getter material
thus producing a clean surface and regenerating the pumping efficiency. The
frequency with which this needs to be done is dependent on the use of the
instrument, but is rarely needed if care is taken. There is a special function in

the MS-200 to do this, however this is only possible when it is attached to

mains power.
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Figure 18: The SAES Getter Pump used In the MS-200

Operating the getter pump at room temperature obviously does have the
advantage of powerless pumping. However, the pumping speed of the getter
pump at room temperature is highly limited compared to purhping speeds at
the standard operating temperature of 400°C. This should not be a problem,
as the intended use of the getter pump is mainly for backup pumping during
power fail situations, where a low pumping speed is sufficient. On the other
side, the getter pump is always active and cannot be switched off. The slow
pumping during cold operation causes the getter pump to act as a reservorr,
cou'ecting hydrocarbons from the vacuum system, which remain on the
surface of the getter and can take a long time to diffuse into the bulk, as
described above. During this time it is possible for these components to
come off the surface again and contribute to the background of the vacuum

system and, therefore, to the background of the mass spectra collected.
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Under normal working conditions this is not too big a problem. However, the
getter pump releasing components can cause problems when a high
concentration exposure is followed by a measurement of very low
concentrations. In this case the possible high background limits the detection
limit of the instrument considerably. Given time, even at room temperatures,
the hydrocarbons on the surface of the pump will diffuse into the material of
the getter pump and the background will eventually clean up. To speed up
the diffusion and clean up of the getter pump, the pump can be indirectly
heated by a filament, which is fitted inside the pump. Power conservation
means that this heating is only possible whilst the instrument is connected to

a power supply.

2.4. The Gas Inlet System

The inlet system provides the pressure step from atmospheric pressure
(normally around 1013mbar) to the vacuum of the analyser chamber at a
working pressure of 2*10-7mbar. To achieve this, the inlet system has to
restrict the flow of gases to such extent that the vacuum pumps of the
analyser can sustain the required vacuum levels. This flow restriction can be
achieved by different means. One is the restriction using a pinhole, allowing
very little sample to enter the UHV region, but without discriminating for
different components of the sample. A similar restriction can be achieved by
a capillary, which normally has a larger diameter hole, but is longer, and
therefore achieves similar restrictions as a pinhole. Both the pin-hole and the
capillary allow all gases to enter the vacuum system at a very similar rate

and, therefore, are suitable for indiscriminate analysis of components in a

mass spectrometer.

A commonly used inlet system is a thin polymer membrane. The gaseous |
sample has to permeate through the membrane material in order to reach the

high vacuum of the analyser chamber. Permeation can be described by a
system whereby the analyte dissolves into the membrane material, followed
by its diffusion through the membrane and then evaporation from the surface
of the polymer membrane into the vacuum on the other side. The driving
force behind this permeation process is a concentration gradient between the
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high-pressure side and the low-pressure side of the membrane. Various

publications discuss the permeation process through a polymer membrane
(Sok, Berentsen 1992, Baltussen et al 1999, Dhingra 1998, Bhattacharya, Hwang 1997, Chandak et al 1998)

Permeation is dependent on the physical interaction between the membrane
material and the analyte, and can be described by Equation 2 (-2Fack etal. 1954)

Some examples of permeation rates for different chemicals through a
polydimethylsiloxane (PDMS) membrane consisting of 69wt% PDMS and
31wt% fumed silica, relative to nitrogen are given in Table 4.

P=

[(cm®*cm)/(s*cm**cmHg)
D= Diffusivity of a component i through PDMS [cmzfs]
S= Solubility of a component i through PDMS

[(cm*(STP))/(cm*(membrane)*cmHg)]

Permeation of a component i through PDMS

Equation 2: Permeation through a membrane (LaPack et al. 1894)

Table 4: Experimental Permeation Figures,
relative to nitrogen, for a PDMS membrane at 25°C (LaPack et al. 1094)

Substance Permeation Substance Permeation
relative to — relative to
_ | Nitrogen L | Nitrogen
Argon | 1.9 [Chloroform _ 430
Carbon Dioxide | 12| | Carbon Tetrachloride | 430
Methane | 4.6 |Chloroethylene | 67
Ethane 12| | 1,1,-Dichloroethylene | 290
Propane . 29| [Trichloroethylen | 640
Butane | 36| |Tetrachloroethylen | 1600
Pentane | 250 | |Bromomethane | 68
Hexane | 310| |Dibromomethane | 570
Heptane | 780 [Bromoform | 2400
Benzene | 460] |Methanol | 180
Toluene | 960| [Ethanol | 390
"Ethyloenzene | 1500 [1-propanol | 460
- 1 1 It-butanol | 800
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The membrane material chosen for the MS-200 is polydimethylsiloxane
(PDMS). PDMS membrane material has the best over all permeation

properties for organic hydrocarbons (onson 2000), (Pinnau1984) ‘rha membrane
material chosen is “Sil-Tec", obtained from Technical Products, for the 0.002

inch and 0.005 inch thick material used for the outer and inner membranes of

the inlet system,

Other possible membrane materials include polyethylene (PE), poly-
tetraflouroethylene (PTFE), and variations of these materials with specific

chemical properties designed {o improve the permeation characteristics for a

specific group of components Fnad 1994

From Table 4 it can be seen that the permeation process varies with the
different components that might be present in the sample. This effect is used
to enrich the sample compared to nitrogen before entering the ultra high
vacuum side (UHV) of the analyser. In the MS-200 this enrichment process is
performed twice. A first membrane with a pressure step of one millibar is
used for the initial enrichment stage. From the intermediate vacuum space
there is a second membrane to the UHV of the vacuum chamber. This
secondary enrichment has the same factor as the first membrane. From
Table 4 it can be seen, for example, that benzene permeates through PDMS
approximately 460 times more than nitrogen. This means that the ratio of
benzene to nitrogen in the intermediate vacuum space is a factor of 460
higher than in the atmosphere. The same enrichment happens on the second
membrane. As a result the over all enrichment factor for benzene is 211,600.
The enrichment with each membrane varies widely for different compounds.
This effect is quadratic due to the double membrane, and therefore the

sensitivity of the MS-200 to a specific component is very strongly dependent
on the compound to be analysed.

Figure 19 shows the principle of enrichment due to selective permeation. The
background air is symbolised by the blue dots, the analyte by the red dots. At
atmospheric pressure the majority of the sample is background with some
analyte of interest in it. Taking a theoretical compound X with an enrichment
factor of 100 and, assume a concentration of 100ppb in the atmosphere. The
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first pressure step reduces the over all amount of gas molecules by a factor
of around 1,000 (1mbar instead of 1,000mbar atmospheric pressure). The
selective membrane however allows compound X to pass through at a rate of
100 times more than the nitrogen background, giving an analyte
concentration of 10ppm. The second pressure step reduces the over all gas
molecules by a factor of 10°, but again increases the compound X by 100,
resulting in an analyte concentration of 1,000ppm for the equilibrium state in
the analyser chamber. As a result, while in the atmosphere there are only

107 mole of analyte in one mole of background air (nitrogen), in the analyser

there are 10-°> mole of analyte within one mole of background.

second membrane first membrane
N\ ~N
o ° i *® Y &
® .. ® o 8 ®e ©
o ® I ® g0 0
® o o® o
analyser vacuum intermediate atmosphere at
at ~10° mbar vacuum at 1 mbar ~1.013 mbar

Figure 19: Principle of Permeation through the Double Membrane Inlet

In the MS-200, the intermediate vacuum step of around 1mbar is produced
by means of a peristaltic pump, described later in this section. The second

vacuum step employs the ion and getter pump to achieve UHV as described

In section 2.3.

Permeation is a highly temperature dependent process (-3¢ €@ 1994)

Therefore, the inlet system with the two membranes is heated to a
temperature of around 50°C with a measured precision of £ 0.1°C. The

sample is led through a heated stainless steel tube in order to heat it to the
same temperature as the inlet and, therefore, avoiding cooling of the outer

membrane due to a cold sample stream.
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The vacuum chamber including internal parts, the pumps and the inlet
system is shown in Figure 20. Note that the chamber in this picture is

wrapped in insulating materials to allow baking of the vacuum system if

background levels are too high.

a

Figure 20: The analyser vacuum chamber of the MS-200.
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2.5. Additional Equipment

In addition to the major components of a mass spectrometer mentioned
above, some ancillary equipment is required as parts of the MS-200 in order
to obtain mass spectra, and run the system. These components are briefly
described below in order to complete the description of the MS-200. An
overview of the mass analyser plus the ancillary equipment required can be
seen in Figure 21, all of which together form the MS-200 portable mass

spectrometer.
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Figure 21: The mass analyser plus ancillary equipment




2.5.1. Intermediate Vacuum Pump

The double membrane concentrator inlet (described in section 2.4) of the
MS-200 requires a vacuum of approximately 2mbar between the two
membranes in order to work, which means that the intermediate vacuum
pump must have a base pressure of less than 1mbar (base pressure is the
pressure that is achieved with no gas load being pumped, the membrane
actually allows gases to permeate through and therefore subject the pump to
a gas load). To minimise contamination and to allow analysis of small traces
of VOCs, this vacuum must be produced free of oil and other contamination,

likely to interfere with the sample analysis.

There are various types of pumps that could be used to achieve vacuum
levels below 1mbar. One possibility is the use of rotary pumps. These pumps
are commonly used as back-up pumps to produce a pressure of around
10-3mbar required for turbo molecular pumps to be able to start and then
pump to pressures of below 10-1%mbar (as discussed in section 2.3). The
disadvantage of rotary pumps is that the vacuum might be contaminated from
oil that is used in the compression stage of the pump. However, when using
a rotary pump together with a turba molecular pump to achieve ultra high
vacuum levels, oil contamination is of little concern as any oil will be on the
low vacuum side of the system and is not able to pass the compression
stages of the turbo pump and into the high vacuum side of the system. The

major drawback of a rotary pump is that they are not available for battery
operation and are not within the size and weight requirements needed for a

portable system.

For these reasons it was decided to design a peristaltic pump that is able to
pump a vacuum down to a base pressure of below 1mbar using the available
battery power. A peristaltic pump consists of a flexible tube and two or more
rollers, compressing the tube at various places, therefore trapping volumes of
air in the pockets between the rollers. The rollers move along the tube,
shifting the trapped air in direction of the outlet of the pump. As shown in
Figure 22, the pump material has to be chosen to be flexible enough for the
rollers to be able to compress the tube and form a seal. However, the tube
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also has to be strong enough in order to expand against the pressure
difference of one atmosphere. The pump used for the MS-200 has a tube
coiled twice around a rotor with two rollers, resulting in air parcels being

moved along the tube and, therefore, creating continuous pumping at a

pumping speed of 0.002/tré/sec.

Peristaltic Pump Working Principle

Atmosphere at
1000 mbar

.!m.h, SOOI e,..m.t

From intermediate
vacuum in MS-200 inlet

2 cclsec
to air

Figure 22: Working principle of a peristaltic pump

2.5.2. Pre-amplifier

The pre-amplifier converts the output pulse of the electron multiplier detector,
(explained in section 2.2.3) into electrical impulses that are high enough to be
registered by the counting electronics. It converts the typical output pulse of
about 8mV to 100mV and a pulse width of 5ns shown in Figure 16 into very
short pulses of 0.7V in height. In order to avoid noise pick-up, the pre-
amplifier has a threshold setting of 8mV and therefore any signal below 8mV
will not be amplified. To increase speed and to reduce electrical noise, the

pre-amplifier sits directly on the detector flange of the analyser chamber.

2.5.3. Voltage Supplies and Controls

In order for the mass analyser to work, it requires a series of voltages. Firstly,
there is a 12V to 3000V DC/DC converter that provides the high voltage for
the ion pump. The current drawn by this converter, and therefore the ion
pump, is metered and displayed on the front panel of the MS-200. As
described in Section 2.3, the current drawn by the ion pump allows a direct

reading of the pressure inside the vacuum system of the mass analyser.
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Secondly, another 12V to 3000V DC/DC converter, supplies the high voltage
for the electron multiplier detector. This high voltage supply also supplies a
resistor chain, which at its different points supplies the ion optics with the
required voltage. These voltages are (dependent on the individual tuning of
the instrument) between approximately -80V for the back plate of the
reflectron down to -1,950 V for the field free region (or drift tube), with some
intermediate voltages for the ion optics used to accelerate and focus the ion
beam. The electrical fields within the ion optics of the mass analyser are

shown in Figure 13.

A third DC/DC converter supplies the -70V at which the filament is floating in
respect to ground (in order to produce electrons of 70eV energy, described in
section 2.2.1) and the approximately -90V to -110V for the repellor.

2.5.4. Extract Pulser

The extract pulser produces rectangular electrical pulses from 0V down to
-400V each, with a pulse width of 3us, in order to extract positively charged
ions from the ionisation source. These pulses are supplied to the extract
plate of the ion source of the MS-200. While the extract plate is at a voltage
of OV, the ions created in the ion source are exposed to an almost field free
region, and are therefore stored within the ion source. At the moment the
extract plate is switched to -400V, all positive ions are accelerated towards
the extract plate through a fine mesh onto the next part of the spectrometer.
There they are attracted by the next part of the lon optics, at a potential of
-1,170V, which accelerates the ions away from the source region and
through the mass analyser towards the detector. One such pulse is produced
by the pulser every 20us and therefore during a standard 10 seconds

acquisition time about 500,000 extract cycles are performed.
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2.5.5. Time to Digital Converter

The time to digital converter (TDC) is the link between the mass
spectrometer hardware and the laptop computer. When performing a
measurement, the operating software on the laptop sends a start signal to
the TDC. The TDC then transmits a trigger signal to the pulser in order to
release all the ions from the source and send them through the mass
analyser. It then waits for the signal from the pre-amplifier to record the time
between the release signal and each hit. This procedure is repeated at a
frequency of 50kHz, and these measurements are stored as a histogram,
which slowly builds up over the number of acceleration cycles within a
measurement. The histogram splits the data into time slots of around 2ns.
This information is then downloaded to the operating software on the laptop
computer for further processing and data analysis. In the latest version of the
instrument, the TDC also has an electronic interface that allows all of the
spectrometer voltages and the inlet valve, as well as the peristaltic pump and
the sample pump, to be controlled from the software of the laptop computer.

2.6. Data Acquisition

In order for the instrument to be able to perform the measurement of a
sample, the instrument has to be switched on, the intermediate vacuum
pressure has to be at 1mbar, and the inlet valve has to be opened.

The sample then continuously permeates through the first membrane into the
intermediate vacuum space. From the intermediate vacuum space the
sample permeates through the second membrane into the UHV of the
analyser chamber. The molecules in the analyser chamber are continuously
pumped away by the jon pump and the getter pump. An equilibrium
representative of the sample will establish itself in the vacuum chamber,
based on the selective permeation and the continuous pumping of molecules.
This results in the composition of the molecules in the vacuum being directly
representative of the composition of the sample supplied to the system

(including the enrichment due to the membrane, described in section 2.4).
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As described in section 2.2.1, the filament within the ionisation source of the
analyser continuously emits electrons and ionises molecules within the
source region. These ions, like the remainder of the analyser vacuum, are

representative of the sample being supplied to the inlet of the MS-200.

During a measurement, the extract plate of the ion source (as shown in
Figure 13) is switched from ground potential to ~400V for the duration of 3us.
During this time all positive ionised molecules are accelerated out of the
source towards the ion optics. All negative ions are accelerated towards the
back plate of the source and are neutralised when they hit the back-plate of
the source. The extracted positive ions are further accelerated through the
ion optics, and are separated due to their mass. As described in

section 2.5.5, the arrival times of the ions at the detector are recorded by the
TDC and transformed into a mass spectrum by the software of the laptop.

In order for the ions arriving at the detector to be representative of the

composition of ions in the source, multiple acceleration cycles are performed
in each measurement in order to increase the dynamic range.

For example, if there was only one cycle the resulting spectrum would not be
representative of the actual make up of ions in the ion source for the

following reasons:

e Two hits of the detector at the same time will be recorded as only one
arrival of an ion.

e Anion arriving at the detector during the blind time of the detector
(section 2.2.3) would be missed out in the spectrum.

e Anion presentin a very low concentration might be filtered out in the ion

optics due to inefficiencies of the ion optics, or due to the ion having an
unfortunate start position and start energy.

In addition, performing only one analysis cycle the instrument would have no
dynamic range. Dynamic range is the difference between the smallest
measurable peak and the largest measurable peak in a spectrum, and is

required to display low as well as high concentrations. Having an analysis
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length of only one cycle would mean that every mass could be either one or
zero, resulting in a dynamic range of 1, and therefore not allow quantitative
analysis.

For the above reasons, an analysis has to consist of multiple cycles to
statistically compensate for the loss of information. A typical analysis run has
a duration of 10 seconds during which approximately 500,000 analysis cycles
are performed. A 10 seconds analysis (acquisition time) provides sufficient
dynamic range in order to distinguish a peak with an area of around 50
counts from the background. The largest peaks in the spectrum will have a
peak area of 500,000 counts. This results in a dynamic range of 10,000 for a

10 seconds acquisition.

When performing a sufficient number of cycles in order to have reasonable
statistics, the height of a mass peak is directly proportional to the
concentration of the chemical in the sample that has permeated into the
vacuum system. This gives the system a linear response up to an upper limit
of analyte concentration. Beyond the upper limit the height of the peak
statistically no longer represents the concentration of the compound in the
vacuum system - the system is saturated. When the linearity threshold is
reached, there are too many ions reaching the detector, and statistically,
there is a very large chance that during almost every cycle, multiple ions of
this compound will arrive, either at the same time or within the blind spot of
the detector, and are therefore not detected. This resuits in a loss of the
quantitative information and the linearity of response. The linearity no longer
can be assumed when the counts in a mass peak reaches about 2/3 of the
number of cycles in the acquisition. The limit of linearity can be calculated by
a shift in the relative abundance of a major mass peak in the spectrum
compared to a minor mass peak.

During an acquisition, a snap shot of the molecular composition of the
vacuum in the analyser chamber is taken. The vacuum in the analyser
chamber is not a perfect representation of the sample (as assumed earlier),
This is due to out-gassing of the chamber walls, and contamination from
other internal components. This means that even with a sample of clean air
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(or pure nitrogen) to the analyser there will be mass peaks of various
components within the spectrum. The recorded spectrum from an analysis of

a sample will, therefore, be the superposition of the sample supplied to the
MS-200 and the components (contamination, residual gases) from within the

analyser chamber.

In order to remove the interaction of the residual gases with the
measurement of the sample, an analysis cycle should consist of the analysis

of a clean air background, followed by the analysis of the sample. The clean
air background should contain only the standard air peaks plus the residual
gas peaks. The sample measurements should contain the standard air
peaks, the residual gas peaks plus the sample peaks. As result of these two
measurements, the software on the laptop then is gble to subtract the
background measurement from the measurement, resulting in a spectrum for

the sample only.

2.7. Data Analysis

As described in section 2.5.5, the TDC stores a histogram of arrival times in
bins of a bin width of 2ns. After an analysis cycle is finished, this information
is sent to the lap-top computer for further processing. The initial information
displays ion arrival intensity over arrival time and, therefore, is called the time
spectrum (Figure 23). From this time spectrum the data processing software
is able to calculate the ion intensity over the mass to charge ratio of the ions
using Equation 1 (section 2.2.2). This piot is the mass spectrum, or
sometimes called the raw mass spectrum of the analysis (see Figure 24) and

is the basis for further data manipulation. The parameters t and ¢y, in
Equation 1 are calculated when performing a mass calibration during which
the operator has to identify two mass peaks,

For further processing of the data, the raw mass spectrum is integrated by
the operating software to calculate the area underneath each of the mass
peaks. The resulting spectrum is displayed using bars with a height
representing the area of the integrated peak. These bars aré displayed for
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each peak and are centred on integer mass numbers. This way of displaying

a spectrum is called a “Stickplot™ (shown in Figure 25).

Assuming a sample of a background has been taken, the software is able to
calculate a background subtracted stickplot from the data. Like the stickplot,
the areas of the peaks are displayed by bars where the height represent the
area and hence the concentration of a particular chemical. The difference to
the stickplot file is that this time the area of the background peak has been
removed from the peak. This file is called the “Background Subtracted
Stickplot”. The background subtracted stickplot is the basis for the software in
order to determine what components are present, and at what concentration.

The different ways this data can be assessed are described in the following

section.
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Figure 23: Time spectrum of the water, nitrogen, oxygen, argon and CO; peaks
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Figure 24: Raw mass spectrum of the water, nitrogen, oxygen, argon and CO; peaks
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2.7.1. Implications of the Membrane Inlet Mass Spectrometry

Membrane inlet mass spectrometers (MIMS) have a speed advantage,
compared to GC/MS, however, one of the major drawbacks of a MIMS,
without using a GC, is the inability to pre-separate the sample prior to
entering the mass analyser. This obviously would be of no disadvantage
when analysing pure components one at a time, but a typical analysis is of

Figure 25: Stickplotted spectrum of the water, nitrogen, oxygen, argon and CO, peaks.

one or more components in the sample. In addition the sample will contain at

least the standard constituents of clean air, given in Table 5 together with the

analyte(s) of concern.




Table 5: Major Contents of Dry Air Weast 1972)

Concentration
‘N, | 78.084+0.004 %
O, 20.946 + 0.002 %
CO, 0.033 + 0.001 % |
Ar
Ne 11818+ 004 ppm |
He
ke 1143001 ppm
-—mm—
Trace Levels of | Remainder
unspecified
number of other |

compounds

The inability of MIMS to pre-separate the sample means that the VOCs are
commonly analysed by an analytical system consisting of a gas
chromatograph combined with a mass spectrometer (GC/MS). A gas
chromatograph (GC) separates the sample according to physical interactions
of the sample with a stationary phase inside a column. The GC means that
the mass analyser is fed with pure components (assuming complete
separation of the mixture), emerging in parcels of a few seconds width from
the end of the column. Therefore, identification and quantification of the
constituent in the sample is relatively simple. A thorough description of the
working principles of a GC can be found in McNair, Miller (1998).

In the MS-200, this pre-separation step is missing, which results in all the
constituents of the sample entering the mass analyser at the same time. The
mass spectrum obtained, therefore, consists of a superposition of the
individual mass spectra of the constituents in the sample.

As mentioned in section 2.2.1, each chemical when ionised with a fixed
jonisation energy has a specific fragmentation pattern (see section 2.2.1).
This fragmentation pattern is used to quantify the different chemicals in the
sample by matching a list of fragmentation patterns (model spectra) with the
spectrum obtained from the sample measured with the MS-200.
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This method relies on the user having some knowledge of the sample to be
analysed. In order to analyse a sample, a library of model spectra that
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