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SUMMARY

Low molecular mass aldehydes, such as formaldehyde (HCHO) and acrolein, are
introduced into the environment through incomplete fuel combustion and tobacco
smoke. Indoors, formaldehyde is emitted mainly by Urea Formaldehyde (UF)-resin
treated furniture. These aldehydes have long been suspected carcinogens and for
this reason several methods exist to monitor them. The methods that can most
effectively and selectively pre-concentrate aldehydes involve in-situ derivatisation.
Unfortunately, the derivatising agents as well as their associated solvents or

adsorbents, are responsible for problems encountered with these methods. A




recently developed method using Solid Phase MicroExtraction (SPME), introduced
polydimethylsiloxane as the absorbent for the derivatising agent, with promising

results. However, this method is not ideal for field sampling.

In our study, the use of the silicone rubber trap, developed in our laboratory, as a
pre-concentrating device for volatile aldehydes in the air, was investigated. The
silicone rubber is saturated with the dynamic headspace of 0-(2,3,4,56-
PentaFluoroBenzyl) Hydroxyl Amine (PFBHA). Carbonyl compounds are pre-
concentrated, by reaction with the sorbed PFBHA, to form the stable oxime-
derivative. The oxime-derivatives are then thermally desorbed, cryogenically
focussed and analysed using Gas Chromatography-Mass Spectrometry and Gas

Chromatography-Flame lonisation Detection.

The reaction efficiency of HCHO with PFBHA was experimentally determined to be
between 75% to 95%. Breakthrough of the HCHO-Oxime did not occur even after a
collection volume of 3 litres. Our detection limit for HCHO is restricted by the HCHO-
oxime impurity in the PFBHA blank. The minimum detected HCHO concentration was
0.1ppm. Lower detection limits for acetaldehyde, acrolein and crotonal were obtained
as they are absent in the PFBHA blank. They were 0.035ppm, 0.057ppm and
0.064ppm respectively for a collection volume of 10ml, and s/n of 3. The trap was
also tested on real gaseous indoor and outdoor air samples and headspace analysis

of beer.

Derivatisation on a silicone rubber trap is a promising technique. The simpler method
for coating the trap with PFBHA reduces sample preparation time. The silicone
rubber is inert, and after thermal desorption is immediately reusable. Analysis of the
traps can easily be automated, and the sampling set-up is inexpensive, convenient

and portable for fieldwork.
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SAMEVATTING

Lae-molekuléremassa aldehiede, soos formaldehied (HCHO) en akroleien, word
vrygestel in die omgewing deur onvolledige verbrandingsprosesse en deur tabak-
rook. Binnemuurs, word formaldehied hoofsaaklik vrygestel deur Ureum-
Formaldehied (UF) - hars behandelde meubels. Hierdie aldehiede is lankal verdagte
karsinogene, daarom bestaan daar 'n verskeidenheid metodes om hulle te moniteer.
Die beste metodes wat aldehiede effektief en selektief prekonsentreer maak gebruik
van in-situ derivatisering. Probleme word egter ondervind met die

derivatiseringsmiddels asook hul geassosieerde oplosmiddels en adsorbeerders. 'n
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Nuwe, baie belowende metode wat SoliedeFaseMikroEkstraksie (SFME) gebruik,
stel polidimetielsiloksaan bekend as die absorbeerder vir die derivatiseringsreagens.
Ongelukkig is hierdie metode minder geskik vir monsterneming buite die

laboratorium.

In ons studie word die gebruik van silikoonrubber-opvangers, wat in ons laboratorium
ontwikkel is, vir die prekonsentrasie van viugtige aldehiede in lug ondersoek. Die
silikoonrubber word versadig met die dinamiese dampruim van O-(2,3,4,5,6-
PentaFluoroBenziel)HydroksielAmien  (PFBHA). Karbonielverbindings  word
gekonsentreer, deur reaksie met die geabsorbeerde PFBHA, om stabiele oksiem-
derivate te vorm. Die oksiem-derivate word daarna termies gedesorbeer, gefokus
deur afkoeling en geanaliseer deur middel van gaschromatografie en

gaschromatografie-massaspektrometrie.

Eksperimenteel is vasgestel dat die reaksie van HCHO met PFBHA tussen 75% en
95% volledig verloop. Geen deurbraak van die HCHO-oksiem het na 'n
versamelvolume van 3 liter plaasgevind nie. Die deteksielimiet vir HCHO was beperk
deur die HCHO-oksiem onsuiwerheid in die PFBHA. Die minimum waarneembare
HCHO-konsentrasie was 0.1dpm. Laer deteksielimiete is moontlik vir asetaldehied,
akroleien en krotonaldehied omdat hul reaksieprodukte nie teenwoordig was in die
PFBHA reagens nie. Hul deteksielimiete was 0.035dpm, 0.057dpm en 0.064dpm
onderskeidelik vir 'n versamelvolume van 10ml (s/n 3). Die opvanger is ook getoets

met werklike binne- en buitemuur lugmonsters en bier-dampruim.

Derivatisering in silikoonrubber-opvangers is 'n belowende tegniek. 'n Makliker
metode om die opvanger met PFBHA te bedek verminder die hoeveelheid
monstervoorbereidingstyd. Die silikoonrubber is inert en na termiese desorpsie is dit

dadelik herbruikbaar. Analiese van die opvangers kan maklik geoutomatiseer word



en die monsternemingstelsel is goedkoop, gerieflik en draagbaar vir monsterneming

buite die laboratorium.
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1.1

CHAPTER 1

INTRODUCTION

BACKGROUND

The increased pollution of the environment has generated a need for the continuous
improvement of existing methods and for the development of new, reliable and
sensitive methods for air, water and soil quality controi.

Volatile aldehydes in air such as formaldehyde, acetaldehyde and acrolein have
received attention as hazardous air pollutants. Formaldehyde (MCHOQ) is classified by
the Environmental Protection Agency (EPA), the American Council of Governmental
Industrial Hygienists (ACGIH), the National Institute of Occupational Safety and
Health (NIOSH) and the Occupational Safety and Heaith Administration (OSHA) as a
probable human carcinogen [1,2].

Airborne concentrations of HCHO above 0.1 ppm can cause irritation of the eyes, the
nose and throat, the upper respiratory tract and the lacrimation glands [1,2,5,6]. It is
also thought that HCHO can cause nausea, dizziness and lethargy at levels as low as
50 ppb [7].

Aldehydes are present in exhaust gases due to incomplete combustion of
hydrocarbons and in photo-oxidation processes occurring in the atmosphere [8].
Sasol has recently added alcohol to their fuel [9], which has the advantage of
reducing particulates, carbon monoxide and nitrous oxide emissions. However, this
measure leads to an increase in aldehyde emissions, in particular formaldehyde and

acetaldehyde [10-12].



This problem, however, is not localised to our external environment. Since people in
developed countries spend up to 90% of their time indoors, exposure to air pollutants
in the indoor environment can be high. In the 1970's, concerns were raised that
certain organic compounds found in non-industrial buildings could cause health
problems similar to those of Sick Buitding Syndrome [4,13]. As a resuit, formaidehyde
has been the most widely studied compound in indoor air. Average HCHO levels in
office buildings range from 10 ppb to 78 ppb. Several studies point to formaldehyde
predisposing children to respiratory tract infections. 1 to 2% of children exposed to
60-120ppb HCHO at home may develop asthma; with an increased likelihood if also
exposed to tobacco smoke [4]. Concentrations of formaldehyde were found to be 10
or more times higher indoors than outdoors [4]. Tobacco smoke, combustion gases
from gas appliances, disinfectants and water based paints [4,14] release
formaldehyde indoors. The main culprits however, are products manufactured using
urea-formaldehyde (UF) resins including particleboard used in flooring and furniture,
hardwood plywood panelling and UF-foam insulation [1,4,7,13,15]. Table 1.1 lists the

Permissible Exposure Limits (PEL) for airborne HCHO in the workplace (indoors).

Table 1.1 Indoor Personal Exposure Limits (PEL) for airborne formaldehyde [3,4].

PEL STEL CEILING
OSHA 0.75ppm* 2ppm™ 0.5ppm*
NIOSH 0.016ppm 0.1ppm
ACGIH 0.3ppm
WHO 0.1ppm**

* Time Weighted Average (TWA) over 8 hours.

* Short Term Exposure Limit (STEL) during 15 min period.

* action level measured over 8 hours.

** 30 min average.




Acetaldehyde also causes irritation of the eyes, nose and throat. However,
acetaldehyde is usually handled in industry under closed systems, as it is an
explosive hazard. In industry exposure to acetaldehyde is not known to be continuous
or at high levels, hence the recommended threshold limit for acetaldehyde is 100ppm
with a Short Term Exposure Limit (STEL) of 150ppm [6].

Higher aliphatic aldehydes, such as propanal and butanal, are typically components
of the exhaust of internal combustion engines. They are characterised by a lower
general toxicity and as such, no exposure limits have been set for them [6].

The toxicity of the aliphatic aldehydes generally decreases as the chain length
increases [6].

Acrolein and crotonal, are acute eye and respiratory irritants. The toxicity of these
aldehydes is enhanced by the presence of the double bond. The threshold limit for
acrolein is 0.1ppm with a STEL of 0.3ppm for 15min. Crotonal is ten times less toxic

than acrolein, hence the threshold limit of 2ppm [6].

Thus increasing awareness of the effects that certain aldehydes, particularly
formaidehyde, can have on human health, indicates a need tc be able to detect and
quantify the level of aldehydes in the environment, both indoor and cutdoor.
Research into the determination of formaldehyde in air, still continues despite the
several methods already devetoped. Although detection of exposure limits can be

reached with these methods, they prove tedicus and time consuming.

With the aim that no sample preparation be required, methods for analysing
aldehydes directly would be ideal, but they make use of bulky and complicated
instrumentation. Although direct analysis of HCHO gas, using Gas Chromatography
(GC) would also be ideal, we are hampered by the fact that common detectors in GC

like the Flame lonisation Detector (FID) and the Thermal Conductivity Detector (TCD)

lack sensitivity for this compound [16]. Mass Spectrometry for low masses, such as



30amu for HCHO, would not show sufficient sensitivity either, as this mass falls in the
same mass region as air (nitrogen 28 amu and oxygen 32 amu).

Similarly, the detection of acetaldehyde particularly in beer is also difficult, yet
important to monitor, as acetaldehyde and other carbonyl compounds are known to
contribute to the stale flavour in beer [17]. Acetaldehyde has a mass of 44 amu
coinciding with that of carbon dioxide (CO.), which is prevalent in both beer and air. In
addition, a high vapour pressure and polarity make acetaldehyde a difficult compound
to pre-concentrate on non-polar sorbents. Chromatography on non-polar thin film
stationary phases often leads to co-elution of acetaldehyde with the ethanol in the

beer.

Indirect methods using derivatising reactions remove these detection and
concentration difficulties, while introducing new ones. Problems encountered are
determined principally by the sample preparation techniques used. These involve the
pre-concentration device, the derivatising reagent and the desorption method.

The collection of gaseous samples in impingers and bubblers is not very portable and
convenient for field-work. Hence, much attention has been given to tubes packed with
sorbents, where the gaseocus sample can be sucked through the tube using a

portable pump.

Indirect methods make use typically of the following procedure: The derivatising
reagent either coats the sorbent or is present in solution. In the former case,
formaldehyde gas reacts with the reagent on the surface of the sorbent. The product
is often extracted from the sorbent or solution using a solvent. The extract is then
concentrated to a small volume by evaporation and injected into the instrument for
analysis. However, the use of toxic solvents is undesirable. Dilution of the product to

be analysed, resuits in a decrease in sensitivity since only a tiny portion of the extract

is finally transferred onto the column. An alternative product transfer method is
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desired. Thermai desorption of the entire contents of the sorbent trap directly onto the

column eliminates the above-mentioned concerns.

Adsorbents unfortunately are known to have several disadvantages. They possess
active sites, which allow for chemical reactions with the sorbed analytes being
analysed, or in this case, the reagent being used for derivatisation. Tenax, for
example, is known to release benzaldehyde as one of its thermal degradation
products, thereby making it unsuitable for use in benzaldehyde analysis [18]. Some
compounds may be irreversibly adsorbed on the sorbent, especially polar compounds
on carbon sorbents [19]. Additionally, sorbents must undergo several steps of pre-
treatment before being packed into collection tubes. After the analysis, the sorbent
must once again undergo several reconditioning and preparation steps before it can
be re-used. This entire process becomes time consuming. Thus, the ideal sorbent

should be chemically inert, thermally stable and immediately reusable.

Polydimethylsiloxane or silicone rubber, has recently become popular as a liquid-like
sorbent [18]. Analytes dissolve into the phase as they would in a solution. The
silicone absorbent has a larger capacity or concentration range for which the partition
isotherm is linear. For adsorbents once all available sites are occupied by a mono-
layer, the adsorbent shows less retention for any further analytes entering the trap
(non-linear partition isotherm). Thermal degradation of the silicone, during thermal
desorption, produces polysiloxane compounds with reproducible retention times. In
addition, these compounds are easily distinguished by their Electron Impact (E.I)
mass spectral fragments. After thermal desorption, the silicone rubber is ready for use

again.

Several derivatising reagents have been used for the reaction with HCHO and other

low molecular mass aldehydes. By far the most popular reagent is 2,4-
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DiNitroPhenylHydrazine (DNPH). HCHO is collected on a sorbent or in an impinger
containing the reagent, followed by solvent extraction and separation by High
Performance Liquid Chromatography (HPLC) with Ultra Violet (UV) detection. HPLC
cannot match the desired resolution, speed of analysis, compound identification and
quantification of Gas Chromatography (GC). 2,4-DNPH however, is not suitable for
use in GC analysis either, as it requires high temperatures to be volatilised (which
may decompose the derivative) and regular cleaning of the inlet liner [11,20,21].
Recently, in-situ derivatisation of HCHO, using a SPME fibre coated with O -
(2,3,4,5,6-PentaFluoroBenzyl) HydroxytAmine (PFBHA), analysed with GC-FID or
Gas Chromatography — Electron Capture Detection (GC-ECD), showed promising
results [22]. The method uses a Polydimethylsiloxane (PDMS) — divinylbenzene
(DVB) polymer fibre as the sorbent for PFBHA. Formaldehyde again, as with other
adsorbents, reacts on the surface of the fibre. As long as the PFBHA remains
minimally consumed, the oxime formation rate is limited by the HCHO concentration.
The method is ideal for grab sampling and as a passive sampler for‘time weighted
averaging in indoor air analysis. Oximes, in general are volatile and ideal for analysis
using GC. The SPME fibre is desorbed directiy in the hot inlet of the GC and no
special desorption equipment is required. SPME fibres however are fragile and
expensive. A more rugged sampling system is required, that would allow many
samples to be taken in the field before being transported to the laboratory.

Hence, the possibility of performing in-situ derivatisation on our silicone rubber traps

using PFBHA, which show a number of advantages over SPME, was investigated.

OUR APPROACH

Sampling methods are required that (1) reduce the complexity and cost of the

sampling system involved (2) reduce the experimental uncertainties/errors (3) lower
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the limit of detection for formaldehyde in the outdoor environment [23].

On this basis, our research was carried out to find a pre-concentration method for
formaldehyde gas and other aldehydes, which could fulfil the above requirements
using the Silicone rubber traps developed in our laboratories [24-27] in combination
with Gas Chromatography — Flame lonisation Detection (GC-FID) and Gas

Chromatography — Mass Spectrometry (GC-MS).

Cur aim is (1) to prepare stable gas standards of volatile aldehydes. (2) Select and
load a derivatising reagent onto our silicone rubber traps in a convenient, repeatable
manner. (3) Demonstrate the efficient pre-concentration of the aldehyde gas
standards on the reagent-coated silicone rubber trap. (4) Quantitatively recover and
analyse the contents of the trap. (5) Demonstrate in-sifu derivatisation on our silicone
rubber traps with real gaseous indoor and outdoor air samples and headspace

analysis of beer.

ARRANGEMENT AND PRESENTATION

Chapter 2 will introduce the methods already available for the determination of
formaldehyde and other aldehydes in air. Chapter 3 follows with sample preparation
focussing on pre-concentration devices and techniques. Preparation of aldehyde gas
standards is described in chapter 4. The instrumentation is briefly discussed in
chapter 5. The characteristics of the trap in terms of completeness of reaction on the
absorbent, trapping efficiency and complete transfer onto the column are examined in

chapter 6. The application of the trap on real gaseous samples is shown in chapter 7.
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CHAPTER 2

METHODS FOR DETERMINING ALDEHYDES IN AIR

INTRODUCTION

Several reviews have been written on the various methods for the measurement of
aldehydes in the environment [8,11,21]. These methods may be classified into two
groups namely direct and indirect methods. Direct methods analyse the aldehydes during
collection and therefore show great potential as the risk of sample contamination is
greatly reduced. However, the cost and complexity of the instrumentation, as well as the
properties of aldehydes make these methods, on the whole, unsuitable. Indirect
methods, on the other hand, utilise these properties to improve ease of detection. Indirect
methods analyse the aldehydes after they have been collected by some means. A brief

summary of these methods that have been developed follows.

DIRECT READING METHODS

These methods give immediate results. Long-Path Fourier Transform Infrared
Spectroscopy and differential absorption in the near UV region from a high pressure
Xenon lamp, has been applied to the detection of formaldehyde. However, long optical
paths are required {meters to kilometres) to obtain sensitivities of a few ppb. The laser
fluorescence technique, with the aid of a photomultiplier, can monitor aldehyde

concentrations as low as 40ppb. A tuneable diode laser may be used to monitor
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formaldehyde in air at the 1-2ppb level, using hourly data averaging. An electrochemical
fuel detector can instantaneously determine formaldehyde over the 0.3-5ppm range.
Most of these methods require expensive, complex equipment and highly skilled
operators. Severai other direct reading methods have also been developed, but show
poor sensitivity [11].

A novel reactive passive sampler monitoring card system was developed for on-site
determination of formaldehyde in air. Formaldehyde diffuses through a polymeric
membrane and reacts with a chemically impregnated sorbent layer. A colour-change is
produced which is proportional to the exposure amount. lts working range is between 0.1

and 2ppm[28].

INDIRECT READING METHODS

NON-CHROMATOGRAPHIC METHODS

COLORIMETRIC METHODS

These methods rely on absorption spectrophotometry. The reaction product's
absorbance can be measured and related to the concentration of the aldehyde coliected,

using Beer's Law. A brief introduction to some colorimetric methods foillows.
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CHROMOTROPIC ACID METHOD

Formaldehyde is collected on an adsorbent trap, or in an impinger containing either
distilled water or a bisulphite solution. Chromotropic acid (4,5-dihydroxynaphthalene-2, 7-
disulphonic acid), followed by concentrated sulphuric acid is then added to the extracted
formaldehyde solution. A violet-coloured product forms, and its absorbance is measured
at 580nm. Unfortunately, long collection times are required. Interferences from
compounds such as phenols, ethanol, high mass alcohols and olefins inhibit the reaction,
teading to negative bias in the results. The detection limit has been improved to 0.3-0.03
ppm, by changing the collection medium, the collection device, reaction temperature and
storage [11,21]. NIOSH Method 3500{1] uses this technique, which has a working range

of 0.02 to 4 ppm in an 80L air sample.

PARAROSANILINE METHOD

This method shows a two-fold increase in sensitivity over the chromotropic acid method.
An impinger containing a sodium sulphite solution is used to collect formaldehyde.
Sodium tetrachloromercurate and pararosaniline are added to the solution producing a
purple-coloured product, which can also be determined spectrophotometrically at 560nm.
Interferences from propanal, acrolein and acetaldehyde cause a positive bias in the
results at Sppm and above. In addition, the use of the toxic mercurate salt was not
desired so the method was modified to exclude the salt. The modified method is
sensitive to temperature, at the same time gaining interference from hydrogen cyanide,
sulphite ion, hydroxyiamine and sulphur dioxide. This method was also used to analyse

formaldehyde collected on molecular sieve sorbent tubes. A disadvantage of these

10
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tubes, however, is the decrease in breakthrough volume for HCHO as the water in the

environment increases. The detection limit was found to be 0.03ppm{11,21]

PURPALD® REAGENT

Purpald® also known as 4-amino-3-hydrazino-5-mercapto-1,2,3-triazole, is a new reagent
for the sensitive and specific spectrophotometric test for aidehydes. The reagent reacts
with both aldehydes and ketones, as shown in figure 2.1. However, only the aldehyde-
product can be oxidised to give the conjugated, purple-coloured, bicyclic ring system
determined at 532 nm and 549 nm. The working ranges are 0.5 - 5ppm HCHO or 5 - 20

ppm HCHO after suitable dilution [29].
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Figure 2.1 Reaction scheme for Purpald® reagent with an aldehyde or kefone [29].
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3-METHYL-2-BENZOTHIAZOLONE HYDRAZONE (MBTH) METHOD

Formaldehyde reacts in-situ when it is collected in an impinger containing a 0.05%
MBTH agueous solution. Ferric chloride and acid are added to this product forming a
blue cationic dye, which can be determined spectrophotometrically. This method’s
sensitivity is reported to be 30ppb formaldehyde in air. The dye is unstable after 4 hours.
Other aldehydes collected will cause a positive interference. Aromatic amines, amino
heterocyclics, azo dyes, stilbenes and Schiff bases may interfere by also reacting with

MBTH {11,21]. The method is normally used for sum total aldehyde level determination.

POLAROGRAPHIC METHODS

GIRARD T METHOD

A bubbler filled with Girard T reagent (Trimethylammoniohydrazide chloride) is used to

collect the formaldehyde. The formaldehyde-hydrazide reaction affords a hydrazone,

which is then determined by Polarography. Other volatile aldehydes also collected cause

interference in the analysis. The reported limit of quantitation is 0.3ppm[21]

HYDRAZINE METHOD

Formaidehyde collected in a bubbler filled with aqueocus methano! is allowed to react with

hydrazine. Differential Pulse Polarography at a dropping mercury electrode is used to

selectively determine the formaldehyde hydrazone. Even though the detection limit is as

12




2.3.2

2.3.21

ITY OF PRETORIA

IVERSITEIT VAN PRETORIA
[ TY OF
ITHI YA PRETORIA

low as 0.01ppm, the sample collection set-up is not very portable, limiting its use to the

lab [21].

CHROMATOGRAPHIC METHODS

ION CHROMATOGRAPHY

OXIDATIVE CHARCOAL TUBE METHOD

Formaldehyde is collected and partially oxidised to formate, on an oxidant-coated
sorbent. Aqueous hydrogen peroxide is used to extract the formate, which is then
determined by ion chromatography. Collected samples are not stable for more than 5

days. The method shows a limit of quantitation of 0.03ppm[21].

PULSED AMPEROMETRIC DETECTION

Aldehydes in solution are separated on a cation exchange resin in the potassium form,

and are then detected electrochemically by oxidation with a platinum electrode. Detection

limits range between 1 and 3ppm, though no application to airborne aldehydes has been

made [11].

13
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CAPILLARY ELECTROPHORESIS (CE)

Current applications involve substituted benzaldehydes, which react in-column with
sodium bisuiphite to produce charged complexes, which can be separated using CE {30].

The reaction scheme is shown in figure 2.2.

0 OH
AN _
/C——R + HSO, ] sos
H
H

Figure 2.2 Reaction scheme for bisulphite with an aldehyde {30].
DIRECT GAS CHROMATOGRAPHIC METHODS

Whole air samples are injected onto a Porapak Q pre-column, hydrocarbons are not
collected and pass through. This allows the aldehydes (C2-C5) collected to be diverted to
another Porapak Q column followed by a “methanizer” where they are converted to their
corresponding alkanes. Detection is with an F1D, providing a method sensitivity of 0.3-
0.08ppm[11]. Similarly, formaldehyde, acetaldehyde, and other volatile gases in a non-
corrosive gas matrix, are converted to methane and ethane, respectively, using a nickel
coated catalyst in a hydrogen atmosphere, and analysed using an FID, shown in figure
2.3. A detection limit of 0.1ng for formaldehyde and 0.06ng for acetaldehyde was

obtained [16].

o
Ni - catalyst
AN |

—  H + 2H
C—H 2w

R R

Figure 2.3 Reaction scheme for the conversion of an aldehyde to an alkane [16].
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Carbonyl compounds have also been efficiently reduced to their corresponding alcohol,
by sodium borohydride (NaBH,), shown in figure 2.4, followed by GC on porous

polyaromatic resin beads and FID detection [31].

O\\ OH

—_— |
C——H + NaBH, —— HC—H

R R

Figure 2.4 Reaction scheme for the reduction of an aldehyde to an alcohol [31].

A helium ionisation detector (HID) was used for the direct analysis of formaldehyde
(HCHOQ}) in the ppb-p.pm range. The HID shows a marked increase in sensitivity over the
FID for HCHO. However, due the HIDs large response to water in the air, the number of
samples that can be analysed using the HID are limited as it takes 40min to fully elute
the water isothermally before the next sample can be analysed [32].

Various adsorbents have been used to collect aldehydes, followed by either solvent
extraction or thermal desorption with cryogenic focussing. Emphasis is placed on the GC
column and detector used. Formaldehyde may, at the nanogram level, interact with the
stationary phases of certain WCOT columns to form dimers and trimers [16]. Analysis of
free carbonyls on commonly used GC-columns suffers from overlapping by dominant
hydrocarbons. A new PLOT column (CP-LOWOX), which separates the interfering
hydrocarbons, was successfully applied in the separation of semi-volatile aldehydes (C6-
C11) pre-concentrated on various sorbents, thermally desorbed and analysed on an
FID/MS [33]. A mixture of 10 short chain aldehydes were separated within 1 minute on
inert spherical silica particles encapsulated with polyethylenimine (PEl) with CO, as the
mobile phase, under solvating gas chromatography conditions [34]. C2-C5 aidehydes
were trapped on a pre-column cold trap, heated from —183°C to 120°C in 3.5minutes and

analysed simultaneously by 4 detectors [35]. Cryogenic trapping was also used in the
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dynamic headspace analysis of volatile reaction products during the curing of urea-

formaldehyde (UF) coatings [36).

DERIVATISATION AND CHROMATOGRAPHIC SEPARATION

In-situ derivatisation of aldehydes has several advantages over direct aldehyde analysis. ‘
Special storage is no longer required, because the aldehydes are stabilised as their
derivatives. Background and interferences are reduced by the specific selective nature of
the chemical reaction. Special detectors can be used since the derivative now has
enhanced detectability. Use of in-situ derivatisation for the measurement of aldehydes
has been studied extensively. Two common methods involve the reaction of a carbonyl

with a hydrazine to form a hydrazone, or with an amine to yield an oxime.

HYDRAZONES

2,4-DINITROPHENYLHYDRAZINE (DNPH)

Formaldehyde has been collected in an impinger [37] and bubbler [38] containing DNPH,
on DNPH coated sorbents [39-41], DNPH coated glass fibre [20], sintered glass [42] and
PDMS SPME fibre [43]. HCHO reacts in-situ with the DNPH solution to form the 2,4-
Dinitrophenylhydrazone chromophore which can be determined using HPLC with UV
detection or GC-ECD/MS/FID/TSD [20,40,43]. The reaction takes place under strongly
acidic conditions. Although this reagent has been used with GC analysis, removal of
excess DNPH is required prior to injection (which leads to column and detector

deterioration) [11,20,21], and frequent cleaning of the inlet liner [10]. High oven

16




temperatures are required because of the low volatility of the derivative [8]. Hence,
HPLC-UV is favoured for this method, being both sensitive and easy to impiement
[10,11,21]. This technigue is employed as a standard method for formaldehyde
determination by the EPA, (EPA-TO11)[1], and NIOSH, (Method 20186)[3]. To further
enhance the resolution and detection of an HPLC, a new detection method using Diode
Array Ultraviolet Spectroscopy and Atmospheric Pressure Negative Chemical fonisation
Mass Spectrometry for liquid chromatography was introduced. The set-up showed a
significant increase in resolution (34 carbonyls) and sensitivity in the ppb range [44].

Figure 2.5 shows the reaction scheme.

H R
~c~
H F H “
N NH o ~N~
NO, \\ H NO,
+ /C_R - \ + H20
H =
NO, NO,

Figure 2.5 Reaction scheme for 2,4-DNPH with an aldehyde [20, 37-45].

DANSYLHYDRAZINE (DNSH) - (1-Dimethyl-aminonaphthaline-5-sulfonylhydrazine)

Schmied, et.al, developed a method for determining aldehydes and ketones
simultaneously by derivatisation on silica gel coated with DNSH. The reaction scheme is
shown in figure 2.6. The reaction is highly efficient and allows for collection flow rates of
2L/min. After collection, the hydrazones are extracted and separated by HPLC with
fluorescence detection. DNSH was purified before each use. Detection limits are in the

picogram range [46].

17
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Figure 2.6 Reaction scheme for DNSH with an aldehyde [46].
0-(2,3,4,5,6-PENTAFLUOROPHENYL) HYDRAZINE (PFPH)

The hydrazine's detectability using ECD is enhanced by the pentafluoro-moiety. At this
stage, the reagent has only been used in the study of lipid peroxidation in which volatile
carbonyl compounds are formed [47,48]. Stashenko et al [47] heated a vegetable oil
sample in a test tube and added PFPH solution. After the carbonyls reacted at room
temperature with the PFPH, they were extracted into non-polar phases using either LLE
or SPE. The extracts were analysed by GC-FID/ECD/MS-SIM. Detection limits of 10
and 102 mol/ml per aldehyde were obtained using ECD and MS-SIM respectively. More
recently, using the same concept used by Pawliszyn [22], a SPME fibre was used to pre-
concentrate carbonyls using in-sifu derivatisation on a PFPH coated PDMS/DVB fibre
which, following desorption in the GC inlet, was analysed by GC with ECD to obtain a

detection limit of 10-80 fmoi [48]. The reaction scheme is shown in figure 2.7 below.

F F
F F
o)
F NH  + \\c——-—R -
\ / F NH R
NH, y \
F F H

Figure 2.7 Reaction scheme for PFPH with an aldehyde {47 ,48].
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2,4,6-TRICHLOROPHENYLHYDRAZINE (TCPH)

This reagent was introduced to reduce the problems experienced using 2,4-DNPH and
GC analysis. An octadecyl silica cartridge impregnated with TCPH was used to collect
HCHO. Thereafter the cartridge was held at 100°C for 6 min to allow for complete
reaction. The cartridge is eluted with acetonitrile followed by GC-ECD analysis. Detection
limits are determined by the blank, in the case of HCHO the limit of detection is 0.1ppb in
10L, while other carbonyls have even lower limits. An ozone scavenger had to be used to

eliminate the interference of ozone above 300ppb[49]. The reaction scheme is shown in

figure 2.8 below.
H,N
\ ol R

Cl NH
o NH c
AN X SN SH e HO

ol + /C—R —_— -

H cl Z cl

Cl

Figure 2.8 Reaction scheme for TCPH with an aldehyde {49].

OXIMES

Oximes are ideal for GC analysis due to their volatility, providing good separation, while
the reaction conditions are mild, unlike those for hydrazone formation [8]. Typical amine
reagents used in HCHO derivatization reactions followed by GC analysis are discussed

below.
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BENZYLHYDROXYLAMINE AND METHOXYAMINE

Benzylhydroxylamine and Methoxyamine can be applied to automobile exhaust and
stationary source analysis. The reagents however, are not suitable for ambient air
measurements since their reaction with low molecular mass aldehydes yield volatile
products, hence detection limits were not reported for benzyloximes. Figure 2.9 shows
the reaction scheme for benzylhydroxylamine with an aldehyde, and the scheme for
methoxyamine with an aldehyde. The carbonyls were collected on silica gel, eluted with
water, derivatised with benzylhydroxylamine and analysed using GC-NPD. Derivatives
were well separated and could be detected to the picogram level. O-Methyloximes
provided detection limits of 40ppb for aldehydes in air. For the determination of
unsaturated aldehydes, particularly acrolein and crotonal, their respective O-
methyloximes and henzyloximes are brominated and analysed using GC-ECD. The

brominated acrolein methyloxime was detected at 0.5ppb in a 40L air sample [8].

0
CH N R
CHy + \\C—*—R 2\0/ §C/
\ /
O—NH, H H

+ H20
Q CHy
A\ HC—0 5 + H,0
/C_R * NH, ——— O\N :
H u
H SR

Figure 2.9 Reaction scheme for first, benzylhydroxylamine with an aldehyde. Second,

methoxy amine with an aldehyde [8].
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0 -{2,3,4,5,6-PENTAFLUOROBENZYL) HYDROXYLAMINE (PFBHA)

This reagent is ideal for the determination of trace amounts of volatile aidehydes in air
samples [8]. The oximes that are formed are volatile and stable to high temperatures
allowing for GC analysis. All the oximes have a common base peak of m/z 181, which
allows for easy identification with Mass Spectrometry [50]. The reagent has been used
typically for determining aldehydes in drinking water with Electron-Capture Detection
(ECD) [51] (EPA method 556) and Mass Spectrometry (MS) [50] as well as in beer [17],
Cognac {52} and vegetable oils [53]. Recently PFBHA has also been used for indoor air
and headspace sample analysis. C-18 silica gel cartridges coated with PFBHA were
used to determine aldehydes in air emitted by vegetation as terpene oxidation products.
After elution of the derivatives with hexane, a 50L air sample provided a detection limit of
2ppb using GC-MS [54]. Wu and Que Hee [55] developed a dynamic personal air
sampler consisting of Tenax-GC solid sorbent coated with PFBHA, which was eluted with
hexane and analysed by GC-MS. The detection limit for acrolein was 0.025ppm. Later,
Wu and Que Hee [56] developed a passive sampter by applying the same concept.
Martos and Pawliszyn intreduced the use of a SPME PDMS/DVB fibre, for the in-situ
derivatisation of HCHO. The headspace of an aqueous PFBHA solution coats the fibre,
which is then exposed to the HCHO atmosphere or headspace of a sample. The fibre is
then desorbed in the inlet of a GC oven. The technique is excellent for grab sampling and
time weighted averaging for indoor air. Detection limits were as low as 15 ppb using GC-

FID {22,57]. Figure 2.10 shows the reaction scheme.
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F CH, _NH, @

o

o \\c - F CHy, /N\

+ / PUN——" .
F F H - H
F
+ H,O
F

Figure 2.10 Reaction scheme for PFBHA with an aldehyde [50].

CYCLISATION REACTIONS

N - (BENZYLETHANOL) AMINE (BEA) -COATED SORBENT TUBE METHOD

Formaldehyde and most carbonyl compounds react rapidly with secondary
aminoethanols to form the cyclic oxazolidine derivative, as shown in figure 2.11.
Formaldehyde was collected on BEA coated Chromosorb sorbent. The derivative was
exiracted with isooctane and separated using GC-FID. Detection was in the range of
0.55-4.71mg/m* [8]. The method lacks sensitivity caused by the low sampling rate
required to ensure derivative formation, and high biank levels. Thus, the reagent is not
suitable for ambient air analysis. The use of a Nitrogen specific detector enhances
sensitivity slightly. Acid gases/mists will react with the BEA and convert it to the

ammonium salt, resulting in lower BEA reagent availability [21].

\

Q / CH
CH,—CH, . \\ 2
HO/ N—R; /C_R \c/'!' +  HO
{ § AU
R

Figure 2.11 Reaction scheme for ethanolamine with an aldehyde [8,21].
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2-HYDROXYMETHYLPIPERIDINE (HMP)

Kennedy, et al. determined acrolein in air by pre-concentration on a XAD-2 sorbent tube
coated with 2-HMP. Acrolein forms a bicyclo-oxazoline, which can then be determined by
Gas Chromatography - Nitrogen Specific Detection (GC-NSD) in the 0.13-1.5 mg/m®
range [58]. Formaldehyde can also be determined by conversion to hexahydrooxazolo
[3,4-a] pyridine in a denuder tube coated with 2-HMP {with a back-up tenax sorbent
tube). Figure 2.12 shows the reaction scheme. Recovery can be done by thermal
desorption followed by GC-MS analysis for which the limit of detection is in the range of
0.03 to 0.51 mg/m?[23]. NIOSH uses this technigue for the determination of
formaldehyde and acrolein in air (Method 254 1) with a detection range of 0.3-20mg/m®

[59], as well as aldehyde screening (Method 2539)[60] using GC ~FID/MS detection.

R H

OH \C/
H | /0
N
+ H,0

N CH, ) O\\C_R .
J

Figure 2.12 Reaction scheme of 2-HMP with an aldehyde [58-60,23].
CYSTEAMINE (2-AMINOETHANETHIOL)

Cysteamine reacts readily with carbonyl compounds at room temperature and neutral
pH. However, it does not react with B-unsaturated aldehydes such as acrolein and
crotonaldehyde. Unlike certain derivatising reagents, no cis-trans isomers of the reaction
product are formed making quantitation easier [8]. This reagent has been used in the
determination of volatile carbonyl compounds in cigarette smoke [61] and automobile

exhausts [62]. The smoke/exhaust is collected in a vessel containing an aqueous
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solution of cysteamine. The carbonyl compound is converted to the thiazolidine as shown
in figure 2.13, followed with analysis by GC with NPD. Detection limits are in the

picogram range.

o Cha__
CH,—CH, \\ o/ ¢H.
/ + C—R — » \ /
HO N—R, C/N\ +  HO
H/ H .y / \ R,
R

Figure 2.13 Reaction scheme of cysteamine with an aldehyde [8,61,62].
AMMONIA

Formaldehyde is collected on a silica gel sorption cartridge that was coated with
polyethylene glycol (PEG-400), to increase the polarity of the adsorbent. The pre-
concentrated HCHQO is extracted using aqueous ammonia, which HCHO reacts
exclusively with to form a hexamethylenetetramine, shown in figure 2.14, which is
analysed using GC-FID. Detection limits fall in the same range as for the use of 2,4~

DNPH, but with the use of thermionic detection, the limit can improve [63].

N

3 )
6 \>C—H + 4 NH, - _/Nj + H;0

N N

H ~_

Figure 2.14 Reaction scheme for formaldehyde with aqueous ammonia [63].
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ACETYLACETONE OR DIMEDONE (5,5-DIMETHYL-1, 3 -CYCLOHEXANDION)

Aldehydes in air were determined by pumping air through a bubbler to which dimedone,
ethanol and piperidine are added. An extensive sample workup consisting of washing,
refluxing for 20 minutes, a triple extraction with diethyl ether and drying leads to an
extract, which is analysed by GC-ECD. This method, unlike the 2,4-DNPH for GC
method, can separate o-, m- and p-tolualdehyde as well as acrolein, propanal and
acetone which are poorly separated by HPLC. The detection limit for acrolein was 80pg

and benzaldehyde was 17pg[64]. Figure 2.15 shows the reaction scheme.

0 O H R o]
I [ v/
2 o H o\\ C c c
Hac l + /C_"R _— - Hsc‘g UCHS
OH K OH HO
HaC HaC CHj

Figure 2.15 Reaction scheme for Dimedon with an aldehyde [64].

The reaction of the dimedon reagent above with HCHO in the presence of ammania is
otherwise known as the Hantzsch reaction. The reaction scheme is shown in figure 2.16.
Formaldehyde has been simultaneously derivatised in, and extracted by CO,
supercritical ftuid using the Hantzsch reaction [65]. LC-MS has also been used to
determine the derivatives of the Hantzsch reaction. An advantage of this reaction is that
only the product exhibits fluorescent properties. Problems with increasing fluorescence in

the reagent blank were experienced [66].
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Figure 2.16 Hantzsch reaction scheme [65-66].

2.4 CONCLUSION
Despite all the available methods, not one of them can satisfy all the criteria for

concurrent aldehyde analysis. The need for a field method, which is cheap, sensitive,

selective and most importantly simple, is greater than ever.
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CHAPTER 3

SAMPLE PREPARATION TECHNIQUES

INTRODUCTION

Samples, which require analysis, are often too dilute, too complex or incompatible

with the chromatographic system. Hence, some form of sample preparation is

essential before any instrumental analysis. Ideally, sample preparation should require

minimal effort and expense. Moreover, minimal sample preparation will decrease the

amount of experimental uncertainty in the results obtained. Due to the nature of our

research, we will only discuss those technigues concerned with the pre-concentration

of gaseous volatiles from air. The flow diagram below shows a brief summary of the

techniques commonly used.

SAMPLE PREPARATION

el v _
ADSORPTION CRYO-TRAPPING ABSORPTION
> CARBON l LIQUID — PHASE
BASED EXTRACTION
_» ‘__,__
> SILICA/ RECOVERY [
ALUMINA » IMPINGERS,
» POROUS
BUBBLERS
POLYMERIC > DENUDERS
MATERIALS
SOLID-PHASE L] » POLYMERIC SORBENTS
EXTRACTION (SPE) POLYDIMETHYLSILOXANE
SOLVENT EXTRACTION THERMAL DESORPTION

Figure 3.1 Flow diagram of sample preparation techniques for gaseous organic

compounds.
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DYNAMIC HEADSPACE SAMPLING

This technique is described here as it is used in our study to load our derivatising
reagent and for analysing acetaldehyde in beer. Dynamic headspace sampling
employs the continuous removal of the headspace vapours from a solid/liquid matrix,
followed by collection on a trap such as a cryo-trap, solid phase extraction device or
ad/absorbents [67-70].

The recovery (R) of analyte, from the dynamic headspace onto the trap can be

described by the equation [67-70]:

R=1-exp[-Ft/KV_+Vs] (3.1)

Where F is the stripping gas flow rate, t is the stripping time, K the gas-liquid partition
coefficient, V| is the sample volume and Vg the volume of gas passed through the
liquid in time t. This equation was derived based on the assumption that the system is
in thermodynamic equilibrium, no breakthrough occurs on the trap (i.e. a closed loop),
the liquid matrix is involatile and the partition coefficient is independent of

concentration [67-70].

ADSORPTION

Adsorption is a physical process occurring on the surface of adsorbents. As analytes
are retained on active surfaces on the sorbent, the amount of adsorption that occurs
is related to the available surface area of the sorbent, which in turn is related to the
porosity of the material. The rate of adsorption is determined by the structure of both
the micropores and the molecules moving into the pores [71]. Table 3.1 in Appendix 1

lists the more common types of sorbents used for pre-concentration, as well as their

structure, uses, surface areas and pore diameters, advantages and disadvantages.
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Adsorption tubes are prepared by packing the sorbent into glass tubes, of varying
sizes depending on the application.

When choosing a sorbent for pre-concentration, it is not only important to see how
well compounds are adsorbed that is, their retention, but also how easily they can be
recovered.

Carbon-based adsorbents are cheap, all purpose pre-concentration sorbents.
However, desorption of the sorbates (particularly polar compounds) may prove
difficult and water accumulation is high, making them unsuitable for thermal
desorption with cryogenic focusing [19].

Porous polymers are typically used for pre-concentrating high molecular mass and
non-volatife compounds such as pesticides. They are popular because they are
relatively inert, have large surface areas and are hydrophobic. They also allow for
collection of large sample volumes (100L) at high flow rates [73). However, their
general disadvantages include the displacement of VOC's especially by CO,[19], and
the irreversible adsorption of certain compounds, such as amines [19]. Furthermore
oxidation, hydrolysis and polymerisation of the sample may occur [19]. Except for
Tenax, these adsorbents are thermally unstable above 250°C, which makes them
unsuitable for thermal desorption as this leads to artefact formation [19]. At the same
time, sorbents are not reusable after solvent desorption. Careful purification, which
usually involves Soxhlet extraction with high purity solvents, of these sorbents is
compulsory before they can be used for trace analysis [19]. Finally, porous polymers
are more expensive than the charcoals.

All solid sorbents are ideally suited to trapping a particular series of compounds. In an
attempt to trap a wider range of compounds, multi-layered traps, which utilise the best
features of each adsorbent, have been prepared [74,75]

Sorbents used with solvent extraction are usually silica gel, activated charcoal,

Anasorb 747, carboxens (carbonised porous polymers), porous polymers and carbon
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molecular sieves. Those used in sampling with thermal desorption include Tenax,

Chromosorb 106, Graphitised carbons and carbon molecular sieves [71].

SOLID-PHASE EXTRACTION (SPE)

Solid-Phase Extraction (SPE) is not, traditionally, a technique used for pre-
concentrating gaseous compounds. However, it has been included in the discussion
because it has been used, predominantly, as a reagent coated sorbent [46,49,54] for
derivatisation, and for the extraction of the derivatised products formed during liquid

extraction [47].

Step 1. Step 2. Step 5.
Select the Proper Condition the Step 3. Step 4. Elute the
SPE Tube or Disk Tube or Disk Add the Sample  Wash the Packing Compounds of Interet

[ ] - | -
M = Malnx
¢
@ = Impurity
G = Compound
of interest )

® = Solvent A =

% = Salvent B

' = Solvent C

Figure 3.2. Steps involved in the SPE technique [76].

The SPE device is depicted in Figure 3.2. The SPE cartridge consists of a packed
adsorbent column between two fritted plastic/metal disks in a polypropylene open
syringe barrel [76].

Unlike LLE, which involves the partitioning of the analyte between two immiscible
phases, SPE involves the partitioning of the analyte between a solid and a liquid
phase. The analyte is extracted when its affinity for the solid phase is greater than for
liquid phase. Later, the analyte is removed by extraction with a solvent for which the

analyte has a greater affinity.
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The liquid phase is passed through the cartridge by suction or positive pressure (e.g.
gravity or gas pressure from a syringe).

Retention is caused by the intermolecular forces experienced between the analyte,
the active sites on the sorbent-surface and the liquid phase [77].

Common sorbents used for SPE are based on silica gel with a modified surface.
According to the chemical groups bonded to the silica, the phases are classified as
non-polar, polar or ion-exchangers.

Octadecyl surface phases (C18) are used for the reverse-phase extraction of non-
polar compounds in aqueous solution. The shorter octyl phases (C8), are used to
extract medium potarity compounds, while silica gel and alumina oxides are used for
extracting polar compounds [78].

SPE is simple, requires less solvent and time than LLE, and it is easily automated.
However, it becomes a bit tedious with all the steps required to prepare the sorbent
and then extract the analyte, as depicted in figure 3.2. Also, the packing quality varies
from cartridge to cartridge [47].

To overcome problems encountered with the SPE cartridges, disk devices have been
developed. They are either membranes or sorbents that have been packed into
circular disks 0.5mm thick and 4 to 96mm in diameter. The sample processing rates
are faster than those of the SPE columns and the small diameter disks are ideal for

processing smaller samples [47].

BREAKTHROUGH VOLUME

Breakthrough volume is a measure of the retention of an analyte on a sorbent i.e.
retention capability. Tubes that are packed with ad/absorbents can be regarded as
chromatographic columns, operating under frontal analysis conditions with a constant

concentration of analyte. The analyte will continue to be ad/absorbed in the trap until

it reaches its breakthrough volume (V,). This is usually when 5% of the initial
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concentration of the analyte has started to elute from the trap. Therefore, the
maximum sampling volume or breakthrough volume (V,), is described by Raymond

and Guiochon [79] as:

Vo = Vi x (1 -(2/JIN)) (3.2)
Where V, is the retention volume and N the number of plates of the trapping column.
However, for short “columns” which have a low number of plates (N), Lévkvist and
Jénsson [80], have suggested a more realistic model! for breakthrough volume, which

can be described by:

Vo =V, x (@ + (@ / N)+(ap / N*) )™ (3.3)

Where a;, a; and a; are coefficients for different values of the breakthrough level b
described as [80]:

b = total amount of analyte eluted from trap / total amount of analyte sampled

b can vary from 0.1, 1, 2 to 10%, the popular value being 5%.

Baltussen et al [81], have applied this theory for breakthrough volume at 5%, on their

silicone packed beds, giving:

Ve = Vo x (1+k )} x { 0.9025+( 5.360 /N )+ (4.603/N?) )™ (3.4)

Where V, is the trap dead volume and k the capacity factor.
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CRYO-TRAPPING

Volatile compounds can be trapped at temperatures lying far below their boiling
points. This is usually achieved by collecting whole air samples through a steel tube
or capillary, which is cooled by using either liquid nitrogen or carbon dioxide. To
increase the condensing surface, the tubes are packed with an inert material
possessing a high surface area such as glass wool or beads. The tube is then heated
ballistically to a suitable injection temperature and the analytes are transferred onto
the column. Unfortunately this set-up is not always sufficiently portable for field work,
and extra care must be taken when sampling in humid environments as pre-

concentrated water will freeze and block the trap [19].

ABSORPTION

Absorption is synonymous with dissolution and partitioning. In this process, the
analyte will dissolve into a liquid where it is retained until it is thermaily desorbed or

preferentially extracted into a different solvent for which the analyte has a greater

affinity.
WL“\

;:']

5 solvent glass tube

. / /
‘ w“ Norile ‘@ 7 )
(g =
Bubbler Impinger Denuder tube

Figure 3.3. Liquid-phase extraction devices[82].
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IMPINGERS AND BUBBI.ERS

Special devices such as impingers and bubblers are used to disperse sampled gas in
a solvent, see Figure 3.3, The finely divided gas bubbles rise from the bottom of the
vessel, allowing for more contact between the gas bubbles and the solvent as the
bubbles move toward the surface. In the case of reactive compounds such as
formaldehyde, a derivatising reagent is included with the solvent to improve the
extraction efficiency and simuitaneously provide a more stable compound [82].
Adjusting the temperature of the solvent may also improve extraction. These devices
are often used for sampling of gases from industrial stacks and automobile exhausts.
However, large sample volumes are required, which may involve the use of large
pumps and the devices themselves are clumsy to wear. Due to the large volumes of
solvent used there is also a dilution factor present and an additional concentrating

step is required [18,82].

DENUDERS

Denuders are open glass tubes that have been coated on the inside with a thin layer
of solvent as in Figure 3.3. Air is sucked through the tube where the analyte gas,
present in the air is extracted into the solvent. Unlike impingers and bubblers, higher
collection flow rates may be used and the exiract is more concentrated because of
the smaller volume of solvent used [18]. Impingers and denuders have the advantage

that any appropriate solvent can be used to trap a desired compound.
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POLYMERIC SORBENTS

Adsorbents, LLE and SPE techniques, are undesirable because they carry
contaminants into the final extracted sample, along with the analytes of interest,
producing a high background in the analysis. Recently, polydimethylsiloxane
(silicone) has emerged as an alternative to adsorbents and organic solvents used for
pre-concentration [22 24-27 81,86,87,92-98].

Polydimethylsiioxane is a non-polar, homogeneous liquid stationary phase used in
GC capillary columns, generally known as SE-30, DB-1 or HP-1 columns. Just as the
sample mixture injected onto a GC column will partition between the mobile and
stationary phases leading to a separation of components, so too, will gaseous
mixtures in air partition into silicone. The retention of the analytes from air in the trap
is determined by their breakthrough volume, as previously discussed. The trapped
contents in the silicone can then be extracted using a solvent [83] or by thermal
desorption [25,81].

Apart from being inert, the silicone “fluid” is thermally stable (150-250°C) under
oxygen-free conditions [78]. The advantage of thermally desorbing the silicone lies in
its immediate reusability. In addition, ail the silicone degradation peaks reveal
repeatable retention times as well as easily identifiable Electron Impact (El) mass
spectral fragments. The main volatile silicone degradation products are
methylcyclosiloxanes, with the most abundant of these being
hexamethylcyclotrisiloxane (D3) followed by gradually decreasing amounts of the
higher molecular mass cyclic siloxanes (D4, D5, D6...)[85].

Unfortunately, as we know that “like-dissolves-like”, polar compounds will be virtualty
unretained on a non-polar phase. Hence modified polymers e.g. polymethylacrylates
etc. [86-88] have been developed in an attempt to increase the polarity of the

stationary phase. However, these polymers no longer exhibit a dissolution process,
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but rather an adsorptive process with all associated disadvantages and particularly
high backgrounds during thermal desorption [86].

Due to the remarkable properties of silicone, it has been widely used, leading to
several possible configurations as described below, and depicted in figure 3.4 and

3.5.

A - Ultra Thick Film Open Tubular Trap

B - Multichannel Silicone Rubber Trap

C - Silicone Packed Bed Trap

1 — Wide bore capillary column.

2 — Silicone rubber tube df 145 pum.

3 — Glass tube (60mm o.d. 40mm i.d. length~16cm).

4 — Multiple silicone rubber tubes (0.63mm o.d. 0.3 mm i.d.) arranged in parallel.
5 — Pulverised Silicone rubber particles. \

Figure 3.4. Cross-sections of various trap configurations using 100%
polydimethylsiloxane.

OPEN TUBULAR TRAPS (OTT)

Grob and Habich [89] introduced the use of OTTs to overcome the problems
experienced due to incomplete transfer of desorbed analytes from packed column

traps onto GC capillary columns. The difference in flow rates, obtained when moving

from a packed column to a capillary column, was eliminated by using the OTT, which
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has similar dimensions to a capillary column. Various coatings, ranging from activated
charcoal to SE30, were used inside the OTTs for the pre-concentration of various
compounds [83,89-92]. This also led to the development of uitra thick film OTTs, by
Blomberg and Roeraade [93,94], and Burger et al [92,95]. Blomberg and Roeraade
used dynamic coating technigues requiring special instrumentation, whereas Burger's
technique is easier to prepare. A single 1m long silicone rubber tube is inserted into a
fused silica capillary, to provide a film thickness of 145um. The silicone tube needs to
be first stretched and immersed into liquid nitrogen. In this way it is sufficiently
manageable to be inserted into the capillary, figure 3.4A. The capillary then fits into a
modified GC where it can be thermally desorbed onto another GC column for
analysis. However, the OTTs show limited sampling capacity and can only operate

under low sampling flow rates (10ml/min).

THE MULTICHANNEL SILICONE RUBEBER TRAP (MCT)

Ortner and Rohwer developed the multichannel silicone rubber trap [72]. It is based
on the same principle as the open tubular traps developed by Burger et al [95].
However, instead of one long silicone rubber tube inside a fused silica capillary, the
trap is made more compact by having several shorter lengths of silicone rubber tubes
arranged in parallel inside a glass tube, depicted in figure 3.4B. This makes the trap
suitable for desorption in a conventional desorption unit. The trap exhibits a low
pressure drop, allowing for collection at high flow rates, particulariy of non-volatite
compounds. However, to improve the extraction of semi-volatile analytes into the
silicone [24,26] it is operated under low sampling flow rates (15ml/min) to increase the
number of plates (N). The MCT has also been applied to the analysis of aqueous

samples [25,27].
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PACKED SILICONE BEDS

Baltussen et al [81,86,96-98] packed a glass tube with equally sized particles of
pulverised 100% polydimethylsiloxane, shown in figure 3.4.C. As this method of
packing allows for a low-pressure drop over the trap along with turbulent flow, high
sampling flow rates (500ml/min} can be used. These packed beds have successfully
been applied to the analysis of organic acids, PAHs and nitro-PAHs from air {96}, for
characterisation of natural gas [81], monitoring nicotine in air [98], and amines,
pesticides and PAHs in aqueous samples [86,97]. An added benefit of these traps is
that breakthrough volumes can be calculated and predicted based on the retention of

analytes on an SE-30 column [81].

SOLID PHASE MICROEXTRACTION (SPME)

The SPME technigue is in principle a solventless liquid-extraction, developed by
Pawliszyn [87]. The SPME device resembles a syringe. A 1cm long thin polymeric
fibre, normally silicone, is attached to the tip of the syringe plunger, which can be
retracted into the syringe barrel, as depicted in figure 3.5[99]. This device is practicat
for piercing septa and exposing only the fibre to a hot GC inlet, vial etc.

Unlike the other pre-concentration techniques, which are typically dynamic because
they involve a flowing stream of gas passing over the sorbent, SPME is a static
sampling technigue.

The fibre is exposed either to the headspace of a sample or immersed in a liquid
sample in a sealed vial for a precise period of time. The analytes will partition into the
liquid phase until a distribution-equilibrium has been reached. This process usually
takes between 2-30min. Equilibrium can be attained more rapidly in headspace

SPME than in immersion SPME, as the analytes can diffuse more rapidly towards the
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fibre. This extraction step is equivalent to one theoretical plate (N). From the equation
below [87,99], it can be seen that the amount extracted (n), is directly proportional to

the concentration of the analyte in the sample (C,).

n = Krs Vi Vs Co
K Vi + Vs

(3.5)
Where K is the distribution coefficient between the fibre and sample. V¢ is the volume
of the fibre, V; is the sample volume and C, the initial concentration of the analyte in
the sample [87,99]. Consequently, trace analysis of analytes having a small partition
coefficient (Kss) will require sensitive instrumentation.

As for solvent extraction, the extraction efficiency can be improved by adjusting the
pH, temperature, fibre (“solvent™) polarity, fibre thickness, salt content and agitation.
Various SPME fibre coatings, of differing thickness, have been developed by forming
copolymers with the silicone (e.g. PDMS/DVB for non-polars), adding adsorbent
material to the coating (e.g. Carbowax/PDMS), or by using a different polymer (e.g.
polyacrylate for polar compounds). However, these variations do not exhibit
dissolution properties as described for the liquid silicone polymer above [99].

In addition, when the analyte is too volatile or unstable derivatisation techniques can
be used. This is done by coating the fibre with derivatising reagent followed by
reaction with the analyte (in-situ derivatisation) [22,43]. SPME is suitable for the
analysis of large sample volumes, as shown by equation (3.6), taken from (3.5) where

Ve>>Ki,V; [87,99],

n =K Vf Co (36)

39




As the amount extracted by the fibre is independent of the sample volume, the
thickness of the fibre plays a larger role. Compounds with a low K, are efficiently
extracted by using a thicker fibre and vice versa.

After extraction, the fibre is conveniently thermally desorbed in a hot GC inlet during
the splitless mode.

For precision and to save time, reproducible fibre exposure time, desorption time, vial
size, sample volume and other sampling parameters are much more important than
obtaining full equifibration between fibre and analyte.

This sampie preparation technique has become popular because it is simple, rapid,
solventless and has demonstrated low detection limits. However, the fibre has proven
fragile and is easily destroyed if not handled with care. Also, depending on the
sample complexity and desorption conditions, the fibre may not be reusable due to
memory effects. Under ideal conditions, the fibre assembly can provide 50-100

extractions [99].
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Figure 3.5. A commercial SPME device from Supelco [87].
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A similar approach called Headspace Sorptive Extraction (HSSE) [100] uses a small
glass rod coated with a large amount of polydimethylsiloxane (50mg). This is used
similarly to the SPME fibre by exposure to headspace samples, except it is thermally
desorbed in an automated thermal desorber. In addition, HSSE shows increased

sensitivity over SPME as the volume of absorbent (V;) is much larger.

RECOVERY

SOLVENT EXTRACTION

This technique is otherwise known as liquid-liquid extraction [72,82]. A solvent can be
used to isolate analytes from a liquid sample or from a solid, in our case the sorbents.
The technique relies on a distribution of the analyte between two immiscible phases.
For acids and bases the distribution coefficient (K = Csqvent / Csampie) is €asily affected
by the pH of the solution and in this way the extraction can be made more selective.
In general, the principle that “like-dissolves-like” is applied. Polar analytes will
dissolve into polar solvents and non-polar analytes into non-polar solvents. The
sample solution is shaken up with an equal amount of solvent in a separation funne!.
When the 2 phases separate, the desired fraction is collected. The extraction
efficiency increases with the number of extractions. Because the final fraction stili
contains a large amount of solvent, an extra step is required to concentrate the
extract before it can be analysed. Analytes with small K's or large sample volumes
require continuous extraction or counter current extraction to achieve a complete
separation [72,82]. Overall, this is a simple but time-consuming technique and the
general trend is to move away from these methods. In addition, the large volumes of

high purity solvents required for such extractions are toxic and expensive.
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Recently, these disadvantages were minimised with the introduction of liquid-iiquid
micro-extractions. Typically, 1ml of solvent is added to 10ml of sample in a vial and

the extract can be injected without further pre-concentration.

THERMAL DESORPTION

Thermal desorption is the process through which the analytes on a sorbent are
removed by heat energy. During this process, the analytes are transferred onto the
chromatographic column. However, it is common to have a refocusing step before
transfer onto the column. Usually, a second trap is cooled, using either liquid nitrogen
or CO; gas, to sub-ambient temperatures ranging from 0°C to —100°C. This second
trap is heated ballistically after desorption, in order to transfer the analytes in a narrow
plug onto the column. A description of the instrument used for thermal desorption is
given in chapter 5.

Thermal desorption has several advantages over solvent extraction. The main one
being the removal of the dilution effect. With solvent extraction only a small fraction of
the entire extract is injected for analysis. In addition, thermal desorption requires no
expensive high purity solvents or labour to perform the liquid extractions as
automated thermal desorption units allow for the desorption of several traps
overnight. Disadvantages include the occasional blocking of the cryogenic trap.
Although this can be prevented by avoiding the use of hydrophilic sorbents. In
addition, instrumentation and use of large quantities of liquid nitrogen becomes

expensive [18,19].
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CHAPTER 4

GAS STANDARDS

INTRODUCTION

in order to determine unknown quantities of formaldehyde and other aldehydes in
the environment, it is important to test the method on controlled aldehyde
atmospheres. Although there are commercial formaldehyde gas standards
available, several methods for their generation in a laboratory do exist [101-

104,23,32,39,40].

The gas standard used should provide stable, accurate, reproducibie and
confrollable concentrations of the aldehyde studied, at the part-per-million (ppm)
and part-per-billion (ppb) levels. It should be simple and ensure that sufficient

amounts of the standard will aiways be available.

There are two types of methods for generating gas standards namely, static and

dynamic methods [101,105-107].

STATIC METHODS

Static methods [101,105-107] involve the addition of a known amount of pure
analyte gas or vapour to a known volume of diluent gas (nitrogen or purified air)

into a closed container, e.g. Teflon bags [22,55], stainless steel cylinders or glass
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vessels [32,108]. Mixing of diluent and pure gas then occurs. Although this
method is simple and inexpensive, losses of the analyte may occur due to
adsorption and condensation on the walls of the container. Leaks can occur and
pressure changes will exert an effect on the final concentration. Only limited
volumes can be prepared, and poor accuracy arises with the introduction of a
small volume of analyte into a dilution gas. Because of these difficulties static
methods are not suitable for the preparation of low concentration gas standards

of polar analytes.

DYNAMIC METHODS

Dynamic methods [101,105-107] provide a constant concentration of analyte gas
over a long period of time. They involve the continuous addition of analyte gas or
vapour, having a known generation rate, into a flowing stream of diluent gas with
a known flow rate. Once an equilibrium has been reached, these methods have
an advantage over static methods. Losses due to adsorption or condensation
against the walls are now negligible, since all surfaces are coated with the
analyte. Additionally, a wide dynamic range can be obtained by varying the
concentrations. These methods also provide flexibility of collection volumes and
flow rates used. The main disadvantage is that the equipment used for this set-
up is more elaborate and expensive.

Dynamic methods can be divided into 2 groups namely permeation and diffusion

methods [101,105-107].
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PERMEATION METHODS

In this method the idea is to mix a small known volume of the analyte gas or
vapour, which passes through the membrane of a permeation device, with a
known volume of diluent gas [23,39,40,101,105-107,109-113].

The permeation device normally consists of a PolyTetraFluoroEthylene (PTFE,
Teflon®) tube, which is sealed on both ends with Teflon plugs or glass beads,
after the analyte gas, liquid or solid is introduced. Teflon is chosen for the
construction of the device, because it is chemically inert. After a certain period, if
the temperature is held constant, the vapour will continuously permeate through
the membrane of the tube at a constant rate. A standard mixture can then be
obtained if the permeation tube is immersed in a flowing stream of a purge gas,
with a known flow rate.

At equilibrium, the permeation rate(r) of the analyte gas through a membrane is

given by [101,105,107]:

r=DS(P,-P;)(A/d) (4.1)
Where D is the diffusion coefficient, S is the solubility constant, P, and P, are the
partial pressures of the permeant gas on the two sides of the membrane, A is the
membrane area and d is the membrane thickness.
By using the Arrhenius equation, the permeation coefficient, B, for a particular

gas can be expressed as [101,105,107]:

B = DS =B, e/ " (4.2)
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Where E, is the permeation activation energy, R is the gas constant and T is the
absolute temperature of the membrane.
The following equation can now be obtained by substituting equation 4.2 into

equation 4.1 [101,105,1071:

r=B, e ®RI(P P (A/d) (4.3)

As shown by this equation, the permeation rate is proportional to the area and
membrane material type and inversely proportional tc the thickness of the
membrane.

To maintain a 1% accuracy in the permeation rate, it is necessary to control the
temperature of the permeation tube to within + 0.1°C, since it can be seen from
equation 3 that the permeation rate varies logarithmically with the inverse

temperature (1/T) [101,109].

Quite often the above constants are not available to allow prediction of the
permeation rate. However, a gravimetric method exists which can also be used
to determine the permeation rate. In an environment where the temperature is
constant, and a flowing stream of diluent gas is present, the mass loss of the
tube is equal to the mass of permeating analyte. The mass loss of the
permeation tube must be weighed at room temperature to the nearest 0.01mg.
Several measurements will allow the construction of a mass versus time graph.
The first few points that deviate from the straight line are excluded as these
indicate that a steady state has not been reached. The slope of the straight line
best fitting the points obtained provides the permeation rate, which can also be

described by the following equation [101,109]:
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r=wift (4.4)

where W is the mass loss (g) over the time interval t (min).

Errors in the concentration are generated when the permeation rate is not
accurately determined. Since the permeation .rate is dependant on the
temperature, it remains very important that during calibration the temperature
remains constant to within 0.1°C. The tube shouid always be used at that

calibration temperature [101,109].

Permeation methods used to generate formaldehyde gas standards have been
used previously [23,39,40,101]. One method involves the thermal
depolymerisation of paraformaldehyde or a-polyoxymethylene inside the
permeation tube [23,39,40,101]. Thermal depolymerisation occurs when the
permeation tube is inserted into a glass gas-tight chamber, which is then placed
inside a system where the temperature can be controlled at 80°C, e.g. ina
thermostated oven or oi! bath. There is an inlet for the purging and dilution gas,
which allows the gas to be conditioned to the same temperature before entering
the chamber. At this stage the dilution gas mixes with the permeated
formaldehyde in the chamber and forms a standard gaseous mixture [23,101].
Another method involves the generation of formaldehyde inside a permeation
cell. Paraformaldehyde is loosely packed into a gas-tight glass or stainless steel
cell with quartz wool. A PTFE permeation tube is placed inside the cell, with one
end connected to the purge gas flow and the other end to the mixing chamber.

The temperature of the cell was controlled as above. Formaldehyde diffuses into
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4.3.2

the teflon tube where it mixes with the diluent gas, then moves on into the
chamber. The formaldehyde concentration is monitored over time by a UV
spectrometer. Once the concentration {(absorbance) over time becomes constant,
the standard can be used. In this method, the formaldehyde concentration is
inversely proportional to the total flow rate of the diluent gas [101].

It should be noted that, at moderate temperatures, formaldehyde can decompose
into carbon monoxide and hydrogen, particularly when in contact with metal
surfaces. Hence a modification of this method was made using a silicone

membrane and thermally depolymerising a-polyoxymethylene therein [101,103].

DIFFUSION METHODS

Gas standards are most commonly prepared via diffusion methods [58,101,105-
107]. These methods involve the maintenance of a saturated vapour pressure in
a reservoir and diffusion through a capillary tube into a stream of purging gas to
make a mixture of known concentration. Diffusion of the vapours through the
capillary tube will occur at a constant rate, if the tube geometry and temperature
remain constant. If it can be assumed that the concentration of the vapour
generated at the upper part (mixing chamber) of the diffusion tube is nearly zero
and the lower part {reservoir) is saturated, then the following equation can be

used to describe the diffusion rate r, in grams per second [101,105-107,114].

r= (DMPA / RTL)In[P/ (P-P,) ] (4.5)

D is the diffusion coefficient (cm?/s) at pressure P (atm) and temperature T (K). M

is the molecular mass (g/mo!). P is the pressure at the open end of the capillary

48




tube (atm), A is the cross-sectional area of the diffusion path (cm?) and R is the
gas constant (cm®.atm/mol.K). T (K} is the absolute temperature of the diffusion
cell, L is the length of the diffusion path (cm) and P, is the partial pressure of the
diffusion vapour (atm) at the temperature T. From this equation, it can be seen
that the diffusion rate is dependent on the geometry of the diffusion path,

pressure and temperature.

Diffusion methods have been used to generate formaldehyde gas standards
f101,114-116]}. One method uses a diffusion cell made of pyrex glass consisting
of a reservoir and a long-neck capillary tube. The desired concentration range is
obtained by varying the dimensions of the diffusion tube, the temperature of the
system and the flow rate of the diluent gas. The paraformaldehyde, or trioxane
[102], thermally depolymerises in the reservoir to form the formaldehyde vapour,
which diffuses through the tube into the mixing chamber where it mixes with the
purging gas flowing above the opening of the capillary tube. The diffusion
coefficients can be obtained from literature and the diffusion rate can be
caiculated using equation 4, and alternatively, calibration of the diffusion tube
can be done gravimetrically, as for the permeation tube [101].

Lower concentrations of formaldehyde can be obtained by diluting the gas

mixture again further downstream [101].
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EXPERIMENTAL

Gas standards of selected saturated aldehydes, namely formaldehyde,
acetaldehyde, propionaldehyde (propanal) and butyraldehyde (butanal) were
prepared as well as a few unsaturated aldehyde gas standards of acrolein,

crotonaldehyde and benzaldehyde.

A diffusion and permeation tube was prepared, to provide a high and low
concentration respectively for each compound, and also to determine which

generation method provided the more stable standard.

A - ALDEHYDE E - FUSED SILICA CAPILLARY
B - GLASS AMPOULE F - REDUCING UNION

C - GLASS PLUG G - GLASS CAPILLARY

D - TEFLON TUBE H - POLYIMIDE RESIN

TYPE 1,2 - PERMEATION STANDARDS
TYPE 3,4,5 - DIFFUSION STANDARDS

Figure 4.1. Aldehyde gas standard devices.
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The diffusion standards, see figure 4.1, type 3, were prepared by placing a
certain amount of a compound into a glass capiliary tube, sealed at one end only.
Formaldehyde gas had to be prepared at a higher temperature, so it was handled
separately from the other aldehydes. All the diffusion standards, excluding
formaldehyde, were then collectively placed in a closed glass container, having
an inlet and outlet, where nitrogen gas could flow over the open-ends of the
capillary tubes, allowing diffusion of the aldehydes to occur over the length of the
capillary. Diffusion rates were determined by measuring the mass loss of each
capillary over a time period. The entire set-up, excluding that for formaldehyde,
was placed under a fume hood as several of these compounds are toxic by

inhalation [6], and simultaneously this kept the temperature constant.

Permeation standards, see figure 4.1, type 1, were prepared by placing a certain
amount of aldehyde into a thin-walled teflon tube, which is then sealed at both
ends with pieces of sealed glass capillary. All the permeation tubes, excluding
formaldehyde, are placed in a glass tube, large enough to allow nitrogen to flow
over the PTFE surfaces of each tube as for the diffusion standards. The

permeation rate was also determined gravimetrically, as above.

The diffusion and permeation tubes for the preparation of the formaldehyde gas
standard were placed in a GC oven, thermostated at 80.05°C, allowing
simultaneously, for the thermal depolymerisation of paraformaldehyde and
preventing the repolymerisation of liberated formaldehyde. The permeation tube
for formaldehyde was prepared as for the other aldehydes, figure 4.1, type 1. The
diffusion tube was prepared differently, see figure 4.1, type 4. A 1/16 " to 1/4"

reducing union was fitted to a glass vessel consisting of a reservoir and short
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1/4" neck. A length of fused silica capillary was inserted into the union and held
in place with a column ferrule. Since the diffusion rate is dependent on the
diffusion path length and cross-sectional area, the diffusion rate could be varied

by changing the length and/or bore of the fused silica capiliary.

Mass loss versus time graphs were plotted for each device, see Figure 4.2.a,b.
From the slope of the curves it could be seen that the aldehyde diffusion and
permeation tubes made did not provide iow enough mass loss rates. How would
it be possible to lower the mass loss rate? Firstly, of the two generation methods
the permeation tubes provided the lower mass loss rate. Secondly, it could be
possible to modify the permeation device. From equation 1, the permeation rate
is directly proportional to the area of the membrane (A) and inversely proportional
to the thickness of the membrane(d). With this in mind, it was decided to
decrease the area through which the aldehyde could permeate by decreasing the
iength of the tube, see figure 4.1, type 2. For acrolein, which has an extremely
high mass loss rate, we decided to use a thick-walied teflon membrane, which
increases the term, d (membrane thickness), resulting in a proportional decrease
in permeation rate, r, as seen from equation 4.3. Results obtained are shown in
Figure 4.2¢. Since these permeation standards were larger in size they could no
ionger be inserted into the glass tube with the nitrogen blowing through it. They
were placed, instead, in an impinger type device. Table 4.1, shows a summary of

the results obtained for all the gas standards prepared.
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Table 4.1 - Summary of gas standard devices prepared and results obtained

ACETALDEHYDE PROPANAL BUTANAL

type 3 1 2 3 1 2 3 1
length {cm) 9 9 9
I.D (mm) 1.2 1.6 1.6 1.2 1.6 16 1.2 16
wall width {mm) - 0.25 0.25 - 025 | 0.25 - 0.25
mass loss (ng/min)| 40 60 40 100 30 7 40 10
r 0.9744 | 0.9563 | 0.9922] 0.9956 | 0.99211 0.989 1 0.9899{ 0.9806

ACROLEIN CROTONAL BENZALDEHYDE|
type 3 1 1 2 3 1 2 3 1
length (cm) g 5 4 1 8 5 1 9 5
1.D (mm) 1.2 1.6 1.6 1.6 1.2 1.6 1.6 1.2 1.6
wall width {(mm) - 0.25 1.6 1.6 - 0.25 0.25 - 0.25
mass loss (ng/min)] 4000 300 90 20 900 100 30 50 9
r 1 0.9947 1 0.9991} 0.997 | 0.9874] 0.9989] 0.9902 | 0.9969 | 0.9984

FORMALDEHYDE

type 4 4 4 4 5 1 1 1 2
length {mm) 74.25 77.8 84.1 745 | 645 | 5465 | 51.2 50 10
1.D {mm) 0.54 0.32 0.25 0.1 0.1 4.55 1.6 1.6 1.6
wall width (mm) - - - - - 0.25 0.25 1.6 1.6
mass loss (ng/min)| 400 100 80 200 400 600 200 80 10
r 0.9991 1 0.9943 | 0.9825 1 0.9956 | 09908 | 0.997 1
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] ALDEHYDE DIFFUSION STANDARDS TYPE 3
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Figure 4.2 a* - Mass loss curves for the aldehyde diffusion gas standards prepared.
* Acrolein mass loss curve not shown, as diffusion was too rapid.
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Figure 4.2 b* - Mass loss curves for the aldehyde type 1 permeation gas standards.
* Acrolein mass loss curve not shown, as permeation was too rapid.
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ALDEHYDE PERMEATION STANDARDS TYPE 2
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Figure 4.2 ¢** - Mass loss curves for the aldehyde type 2 permeation gas standards.
** No butanal and benzaldehyde gas standards of this type were prepared.

The formaldehyde gas standards mass loss rates were too high (400 - 100
ng/min} to be used without an additional dilution step. The mass loss curves for
the HCHO gas standards prepared are shown in figure 4.2.d. A diffusion
standard with a longer length of fused silica capillary was attempted, but proved
too cumbersome and delicate to be inserted into the PTFE vessel used at the
time. For the HCHO diffusion vessel (Table 4.1,type 4), a proportional decrease
in diffusion rate had already been observed for the change from the 0.54mm
(400ngfmin) to the 0.25 mm i.d capillary (80ng/min). This trend was expected to
continue when moving from the 0.256mm i.d fused silica capillary to the 0.1mm i.d
fused silica capillary, but this was not the case. Most likely, the ferrule around the
narrow bore capillary was not leak-tight. Polyimide resin (Figure 4.1 type 5) was
used as an alternative to the column- nut and ferrule in order to obtain a leak

tight seal. A diffusion rate of 400ng/min indicated that this was not achieved.
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FORMALDEHYDE GAS STANDARDS

0.03
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MASS LOSS (g)

-
1
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—&—type 4, 0.54mm [.D ——type 4,0.32mm I.D |
—f&—type 4, 0.25mm |.D ——type 4, 0.10mm 1.D
—¥—type 1, 4.5mm |.D —O—type 1, 1.6mm 1.D thin wall
—+—type 1, 1.6mm |.D thick wall@ RT ——type 1, 1.6mm LD thick wall TIME (HRS),

Figure 4.2 d - Mass loss curves for the formaldehyde gas standards.

It was then decided to substitute the thin-walled HCHO permeation device
(200ng/min), with a thick-walled membrane, figure 4.1, type 1. This provided a
mass loss of 50ng/min, but as yet was not low enough. The only alternative

remaining was to use a lower temperature.

As Paraformaldehyde is a polymer built up with formaldehyde monomers,

HO - (CH,0), - H (n = 8 - 100)
it was then considered that perhaps it was not necessary to fully depolymerise
the paraformaldehyde, but rather to use its vapour pressure at room temperature
instead, which is well above atmosphere. HCHO, however polymerises easily at
temperatures below 80°C, it will not repolymerise between 80°C and 100°C [15].
Now assuming that the HCHO concentration is low encugh once it has

permeated through the membrane, repolymerisation should theoretically not be
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able to take place at lower temperatures. With this assumption, the thick-walled
permeation tube (figure 4.1, type 2) was calibrated at room temperature and
provided a mass loss of 10ng/min which was ideal. With time, however, it was
discovered that there was no longer any mass loss even though the
paraformaldehyde was still clearly present. While the HCHO permeated through
the membrane, it managed to concentrate in the membrane and repolymerise. Ali
the pores were thereby biocked, making it impermeable to any further HCHO
moving through. The low temperature method thus had to be abandoned.

A description of all the HCHO gas standards prepared as well as their mass toss

rates are summarised in Table 4.1.

w
d
|

12

1 - HIGH PURITY NITROGEN GAS
2 - MASS FLOW CONTROLLERS
3 - PURGE GAS
4 - DILUENT GAS
5 - GLASS VESSEL
6 - GAS STANDARD
7 - T-PIECE SPLIT
8 - SPLIT VENT
9 - RESTRICTOR
10 - GLASS T-PIECE
11 - SILICONE RUBBER TRAP
12 - GC - OVEN

Figure 4.3. Dilution system for the gas standard.
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Since no attempted gas standard for HCHO could reliably provide low enough
concentrations, it was decided to include a dilution system. Figure 4.3, shows the
set-up arranged to fit inside a GC-oven so that the temperature of all the
components could be maintained at 80°C. If the temperature were to fall below
80°C, HCHO could repolymerise and deposit as the polymer onto the cooler
surfaces. A 100 ng/min HCHO permeation standard was placed inside a closed

glass vessel. A 74:1 split ratic then provided a 1.33ng/min HCHO atmosphere.

1/16" swagelock T -piece
0.4mm i.d graphite ferrule

1/16" nut
FROM GAS
STANDARD | A \r — B | TO GLASS-T
VESSEL = MIXING CHAMBER

c

v

A -0.54mmid F.S capillary, 30 ml/min

B -2m 0.25mm i.d F.S capillary, RESTRICTOR 0.4 ml/min

C-1cm 0.25mm i.d F.S capillary, SPLIT VENT 29.6 ml/min

Figure 4.4. T-piece spilit.

The split was prepared using a 1/16 " swagelock T-piece and 2 differing lengths
of 0.25mm i.d. fused silica capillary. Figure 4.4 shows the inside of the T-piece.
The 2m long 0.25mm i.d fused silica capillary was inserted into the wider bore

(0.54mm i.d) capillary leading from the glass vessel which contained the
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standard. The 2m length of fused silica capillary served as a restrictor so that the
bulk of the flow was split through the 1cm fused silica capillary (inserted on the
third leg of the T-piece). The spilit ratio is dependant on the lengths of the two
0.25mm i.d fused silica capillaries. The longer the length of the split vent
capillary, the smaller the split ratio. In addition, the shorter the length of restrictor
capillary the smaller the split ratio. The flow rate through the split had to be set
before the diluting flow could be added. The restrictor length was then inserted
into a 4mm i.d glass T-piece where it joined up with the diluting flow entering
from the other end. The gas mixture could then be collected at the exit of the
gtass T-piece on the outside of the GC-oven. A 1/4" swagelock union was used

at the exit to allow for easy collection with the trap.

The concentration of the HCHO atmosphere could be changed by adjusting the
dilution flow. A diluting flow of 10ml/min provided a concentration of 0.1ppm.
Appendix 2 demonstrates the calculation method used to determine aldehyde

gas concentrations,

The diffusion and permeation (type 1) aldehyde standards (excluding HCHO)
were tested using a 100% PDMS SPME fibre. See table 4.1 for their respective
mass loss rates. The fibre was exposed to the dynamic headspace of a 10g/L
PFBHA aqueous solution for 2 min. Thereafter the fibre was exposed to the
diffusion standards for 5 min, desorbed at 250°C in the HP 5890 GC-inlet.
Instrument parameters are listed in table 6.1. The temperature program used
was 30°C/5min ramped at 3°/min to 180°C then ramped again at 50°/min to
280°C and held there for 4 min. The permeation standards were tested similarty,

except the fibre was exposed to the standards for 10min. Figure 4.5 and 4.6
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show the Reconstructed lon Chromatograms using m/z 181, for the diffusion and
permeation aldehyde gas standards respectively. The oxime products could be
identified based on an earlier study discussed in section 6.2. From these
chromatograms we could clearly see that the gas standards were functioning.
Notice that the acrolein-oxime was not detected from the diffusion standards

sampled, upon further inspection the acrolein diffusion tube was empty.
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Tima (min,)
1. PFBHA 2. Acetal-oxime 3. Propanal-oxime
4. Butanal-oxime 5. Crotonal-oxime 6. Benzaldehyde-oxime

Figure 4.5. Reconstructed lon Chromatogram using m/z 181 of SPME-PFBHA coated fibre
exposed to aldehyde diffusion gas standards (type 3).

60




4.5

ITY OF PRETORIA

IVERSITEIT VAN PRETORIA
[ TY OF
ITHI YA PRETORIA

72820 1
! 2
i EPeag

Spera s
3 42089 ?
c 4
k]
5 6
2 3Je@D0 6

2Poa0

19088

7
7
a E‘L_r‘ - - - T . l . S— L
i) 42 45
Tima {(min.)

1. PFBHA 2, Acetal-oxime 3. Propanal-oxime 4. Acrolein-oxime
5. Butanal-oxime 6. Crotonal-oxime 7. Benzaldehyde-oxime

Figure 4.6.Reconstructed lon Chromatogram using m/z 181 of SPME-PFBHA coated
fibre exposed to aldehyde permeation gas standards (type 1).

CONCLUSION

We have successfully prepared stable and continuous gas standards for
formaldehyde, acetaldehyde, acroiein, propanal, crotonal, butanal and
benzaldehyde. A dilution set-up allowed lower concentrations of the

formaldehyde gas standard to be obtained.
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5.1

CHAPTER 5

INSTRUMENTATION

THERMAL DESORPTION — CRYOGENIC TRAPPING UNIT (TCT)

Volatile compounds, which have been pre-concentrated on ad/absorbents, need to be

quantitatively transferred as a narrow injection band onto the GC capillary column.

One method for achieving this is by using a thermal desorption cold trap injector. A
ChromPack 4020 desorption unit was used in our study, Figure 5.1[116]. A glass
tube, either empty or packed with sorbent, is placed in the desorption oven, where it

is heated while the carrier gas transfers the volatiles from the tube onto a coid trap.

The cold trap consists of a fused silica capillary, 30cm long with an internal diameter
of 0.53mm, which is coated with a thick film of stationary phase to increase its
capacity. During desorption, the cold trap is cooled and maintained at sub-ambient
temperatures ranging from 0°C to -100°C by using liquid nitrogen. Upon completion of
desorption the cooling flow is stopped. A metal capillary tube, which surrounds the
fused silica cold trap is heated ohmically. This ensures a ballistic temperature
increase from, for example -100°C to 250°C within 1 minute. Within that time, the
carrier gas transfers the contents of the cold trap and refocuses it onto the GC
capillary column, which is at a lower temperature. Figure 5.1 shows the 2 main

phases, namely desorption and injection, in the TCT - CP 4020 [1186].
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A - Desorption Phase. B - Injection Phase.

. A High purity Helium carrier gas flow during the desorbtion phase.
. B High purity Helium carrier gas flow during the injection phase.

. Glass tube containing ab-/ad-sorbent.

. Fused Silica cold trap.

. Heated desorbtion oven.

. Liquid Nitrogen-cooled chamber.

. Ambient desorbtion oven.

. Ballistically heated fused silica cold trap.

. Gas chromatograph.
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Figure 5.1. The 2 main phases in the TCT 4020 thermal desorption unit.

GAS CHROMATOGRAPH (GC)

A GC consists of a carrier gas supply, an inlet, an oven containing a capillary column
and a detector, as depicted in figure 5.5. The carrier gas (mobile phase} must be inert
and of high purity. Typical gases used are nitrogen, helium or hydrogen. The choice
of the gas used depends on the speed of analysis required and the detector used. In
our experiments, helium was used as it is recommended for use with mass

spectrometric detection [117]. The flow rate of the carrier gas should be chosen to
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ensure the maximum number of chromatographic plates in the column, which in turn

determines the degree of separation or resolution between the compounds [118,119].

The sample is introduced into the capillary column via the inlet. Samples are
dissolved in an appropriate organic solvent and about 1 pL injected using a micro litre
syringe. The sample is injected instantaneously so that, in conjunction with the high
temperature of the inlet, e.g. 250°C, the volatilised components in the sample are
focussed onto the cooler column, eg.40°C, as a narrow injection band. The inlet can
be set-up for either split or splitless injection. When the sample is too concentrated or
injected as a large volume, split injection is used at a preset split-ratio so that only a
small proportion is actually transferred onto the column. When sample components
are present in trace amounts the entire sample can be transferred onto the column in
splitless injection, thereby improving detection limits [118].

The thermal desorption unit is used an alternative “inlet” for the desorbed

components of the trap (see above).

The capillary column used is 30m long and 0.25mm in internal diameter. It is coated
on the inside with a thin film (0.25micron) of 95% polydimethylsiloxane and 5%
methylphenylsiloxane stationary phase. We used a temperature program starting at
30°C held for 1 minute, ramped at 5°C per minute to 150°C then rampéd again at
50°C to 280°C for 4 minutes. The last temperature ramp is used to remove silicone,
released from the silicone traps during desorption, as well as other compounds stili in

the column. The eluted compounds then enter the detector.

Two kinds of detectors were used in our study. The Flame lonisation Detector (FID)

and a Mass Spectrometer (MS). They are discussed in detail below.
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standards [122-124]. Figure 5.3 shows the estimation of the ECN contributions of

PFBHA and the HCHO-Oxime. The ECN for the other aldehydes studied can be

predicted in the same way. The calculation method used to determine the FID

response for the HCHO-oxime and PFBHA are shown below.

Table 5.1, Contributions to the Effective Carbon Number (ECN) [120,122].

ATOM TYPE ECN CONTRIBUTION
C Aliphatic 1

c Aromatic 1

C Olefinic 0.95

C Acetylene 1.30

C Carbonyl 0

C Carboxyl 0

C Nitrile 0.3

0] Ether -1.0

O Primary Alcohol -0.5

O Secondary Alcohol -0.75

O Tertiary Alcohol -0.25

N Amine As for O in Alcohol
Cl An olefinic C +0.05

Ci Aliphatic C with 2 Cl atoms | -0.12 per CI

67




IVERSITEIT VAN PRETORIA
[ ITY OF PRETORIA
ITHI YA PRETORIA

F‘ 6 aromatic C - atoms =6x1
5F - atoms =5x0.05
/Cﬁg\qc /F 1 aliphaticC-atom =1x1
1 ether O - atom =1x-1
é 1 primary amine =1x-05
NNy sum total PFBHA = 5.75
T
0
TUNH,
|
C F
Pt N
c c 6 aromaticC -atoms =6 x1
H | 5F - atoms =5x0.05
C\C%C ~ 1 aliphatic C - atom =1 x 1
Hy 1 ether O - atom =1x-1
| | 1 secondary amine  =1x-0.75
F 0 ~ 1 olefinic C - atom =1x0.95
Ti sum total OXIME = 6.45
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Figure 5.3. Estimating Effective Carbon Numbers for PFBHA and the HCHO-Oxime.

Dodecane has 12 aliphatic carbon atoms, so simitarly the ECN for dodecane{(C12) is
12. Thus, assuming the FID response for C12 is 100%. Then the FID response, in
terms of ECNs, for PFBHA and the HCHO-Oxime can be seen as a fraction of the

FID response for C12. The FID response factor for C12 is given as

(ECNC12) X { C12 peak area )
(ECN C12) amount C12 (ng)

The response for PFBHA can then be given as

( ECN PFBHA ) X ( C12 peak area )

{ ECN C12} amount C12 (ng)
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The amount of PFBHA can then be determined by

( PFBHA peak area )/ (ECN PFBHA ) X { C12 peak area )

(ECNC12) amount C12 (ng)

Similarly the HCHO-Oxime amount can be determined by

( Oxime peak area )/ { ECN Oxime ) X (C12 peak area )
(ECN C12) amount C12 (ng)

The amount of aldehyde can then be calculated using elementary chemistry. The
ratio between aldehyde and oxime formed is 1:1[50]. Since the ECNs for PFBHA and
the HCHO-Oxime were estimated, the amounts calculated are not accurate.
However, they are sufficient for our purpose which is merely to have an indication of

the amounts involved.

THE MASS SPECTROMETER (MS})

The MS can be divided into three sections, all of which are under a vacuum of at least
10°® Torr. Compounds eluting from the GC are ionised in the ion source and then
accelerated by a potential difference to pass through various focussing lenses
towards the mass analyser and finally towards an electron muiltiplier [119,125,126].
Detection limits for MS detectors are typically 1 ng for Total fon Monitoring and 1 pg

for Selected lon Monitoring [126).

Electron Impact (El) ionisation is used by both the quadrupole and ion trap mass

analysers that were used in our study. A hot tungsten or rhenium filament produces
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electrons with an energy of 70eV, which is in excess of the energy required to ionise
a molecule (~10eV). These high-energy electrons also provide enough energy to
cause the ionised molecule (M*) to under go significant fragmentation, unique to
every compound. After the bombardment of electrons, the ions are accelerated by a

potential of 5-15V towards the centre of the mass analyser [119,125,126].

The quadrupole is @ mass analyser or rather a “mass filter”, see figure 5.4 [119,125].
Four cylindrical metal rods are arranged in pairs in parallel beside each other. One
pair is connected to the positive terminal of a dc potential, and the other pair to the
negative dc potential. In addition, to each pair of rods, a variable Radio-Frequency
(RF) ac potential, 180° out of phase, has been applied.

The ions have a constant velocity as they enter the quadrupole, in the z- direction,
parallel to the metal rods (x and y-axes). As a result of the dc and RF voltages (Vg
and Vy) applied to the rods, the ions acquire complex oscillations in the x and y
directions. lons are deflected, by these oscillations, towards the rods, neutralised and
carried away.

For a given set of conditions (V4. and V), only ions of a single m/z ratio will have a
stable oscillation and will be able to traverse the length of the quadrupole, without
striking the rods. These ions will enter the electron multiplier detector. Mass scanning
is achieved by varying each of the RF and dc frequencies while keeping their ratios
constant [119,125,126].

Total lon Chromatograms (TIC) are produced when the compounds eluting from the
GC are scanned every 10 seconds, from the lowest mass to the highest mass within
a selected mass range, usually m/z ratio 40 to 400. Compounds analysed by GC-EI-
MS, normally have a singie charge (z=1), so the m/z ratio is the same as their actual
mass (m) [125].

To improve sensitivity, Selected lon Monitoring (SIM) can be used. In this case the

gquadrupole scans only for certain selected masses. This way more time is allocated
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to the m/z ratio of interest whereas with Total lon monitoring only a fraction of time is

allocated to the detection of that m/z ratio.
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Figure 5.4. A Quadrupole Mass Spectrometer[125,126].

An jon trap (ITD) is the spherical configuration of the linear quadrupole, depicted in
figure 5.5 [125]. In this case, the RF voltage is applied to a central doughnut-shaped
ring electrode, which is enclosed on both ends with cap electrodes. lons from the ion
source enter the enclosure through a grid in the top end-cap. Unlike the linear
quadrupole, ions are "trapped” temporarily within the ITD until they are sorted

according to m/z ratios. The ions with appropriate m/z ratios are in a stable orbit
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within the enclosure. As the electric field is scanned, the heavier ions are stabilized in
their orbit while the lighter ones become unstable, collide with the wall of the ring
electrode and leave the trap through the bottom end-cap. These emitted ions move

towards the electron multiplier detector [119,125,128].

Hairpin Electron
Filament Multiplier
U Endcap Endcapga

2. I_ l_ L &g » P
eeeaeeea@eazee o
|ng +15 kY
Conversion
Electrode Bynode

Figure 5.5. A Gas Chromatograph (GC) coupled to an lon Trap Detector (ITD),
having an external ion source [125].

The continuous-dynode electron multiplier is a glass trumpet-shaped device, which
has been coated with lead on the inside. A potential difference of 1.8-2kV is applied
across the length of the trumpet. The positive ions emitted from the mass analyser,
enter the detector and strike the lead surface. Upon this impact, electrons are
ejected, which in turn impact the surface and eject more electrons, this continues in a
“zigzag” path until the tapered end of the trumpet is reached, which is connected to
the amplifier. From here the data is acquired, converted and controlled by electronics,

the output is sent to a data acquisition system on a computer [126].
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6.1.1

CHAPTER 6

IN-SITU DERIVATISATION ON SILICONE RUBBER TRAPS

IN-SITU DERIVATISATION

Low molecular mass aldehydes are both volatile and polar. In order to pre-
concentrate them from the air, we must first convert them into thermally stable, less
polar compounds. This is commonly achieved by using a derivatisation reaction, as

described in chapter 2.

SELECTING A DERIVATISING REAGENT

A derivatising reagent can be split into two parts, namely the bulk organic substituent
and the reactive substituent [127]. The bulk organic substituent should enhance the
detector sensitivity to the product and simultaneously decrease the volatility of the
product; it is responsible for providing a chemically and thermally stable product.
However, this group should be carefully considered since the bulk can also sterically
hinder the reaction, affecting the reaction rate. The reactive substituent determines
the selectivity of the reaction, by reacting only with certain functional groups in the
presence of others [127].

Of the several reagents that have been used for the derivatisation of aldehydes, as
seen in chapter 2, O- (2,3,4,5,6-PentaFlouroBenzyl) Hydroxyl Amine hydrochloride
(PFBHA) was chosen for this study based on the following reasons. The reactive
substituent, the amine, reacts only with carbonyl functional groups. The reaction

efficiency is > 80% for HCHO and other low molecular mass aldehydes [50].
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However, the reaction rate decreases for longer, more complex aldehydes [50]. This
is due to the size of the bulk substituent, the pentafluorobenzyl group, which hinders
the approach of the amine toward the aldehyde.

The pentafluorobenzy! group provides enhanced detectability, especially when using
an electron capture detector. A base peak (100%) of m/z ratio 181 is obtained by El-
MS for the oxime products formed, which is ideal for Selected lon Monitoring (S1M)
{17,22,50,54,55].

The oxime-product is thermally stable and volatile [17,22,50] therefore ideal for GC
analysis. Comparisons of reagents in the literature [22] also indicate that PFBHA,
unlike other reagents, displays only one peak on the chromatogram corresponding to
the reagent. In addition, since similar work using SPME has been performed with this
reagent {22] it would aliow for a comparison of the results obtained when using the
silicone trap.

The suggested mechanism for the reaction between an aldehyde and O - (2,3,4,5,6-

PentaFluoroBenzyl) HydroxylAmine hydrochloride (PFBHA), is shown in figure 6.1.

THE SILICONE RUBBER TRAP

Derivatsation is performed "in-situ" meaning in the collection medium, in our case, the
silicone rubber. The procedure for in-situ derivatisation on the silicone rubber trap is
depicted in figure 6.2.

As discussed in chapter 3, there are several reasons why the silicone rubber trap is
ideal for pre-concentrating pollutants. 1t is particularly suitable for in-situ derivatisation
because it is inert and will not participate or inhibit the reaction between the aidehyde
and the PFBHA. The only fragments produced through silicone degradation have
repeatable retention times and are easily identified using Mass Spectrometry. Figure

6.3, shows a typical blank chromatogram of a silicone trap desorption run on GC-FID,
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using the conditions in table 6.1, temperature program B. Typical mass spectral
silicone degradation fragments are m/z 73, 207, 211 and 281. Sixteen-channel
silicone rubber traps were used during this study; their preparation has previously

been described by Ortner and Rohwer [24-27].

ﬂ ?- Resonance structure of the carbonyl compound
L, Tl
R; "H R; H
R
1. o o/ 2 2. H
L \ o\
H R; \H 0—R,
Nucleophillic addition j Protonation
H H
. \fﬁl
HO + R h|l+ ¢ R C\N+/H
1 2
| R1 \ O\R
H 2
3.
Product oL
Elimination of water
F
|
F\C /c,\\c _F
R; = i | R; = H, Alkyl, Phenyl groups
o F
e CH}

Figure 6.1. The suggested mechanism for the reaction of an aldehyde with PFBHA.
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Figure 6.2. In-Situ derivatisation on the silicone rubber trap.
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Table 6.1. Instrumentation Parameters.

TCT 4020 UNIT:
ROD 250°C
PRECOOL -100°C / 2min
DESORB 220°C / 15min
DESORB FLOW RATE 50 ml/min
INJECT 250°C / 1min
BACKFLUSH 280°C / 10min
BACKFLUSH FLOW RATE 60 mi/min

HP5880 GC:
COLUMN 30m ZB-5, 0.25mm l.d., df 0.25um
CARRIER GAS Helium
VOLUME FLOW RATE 0.6ml/min
TEMPERATURE PROGRAM A 30°C / 1min // 5°C/min // 150°C /f
50°C/min /f 280°C / 4min

TEMPERATURE PROGRAM B

30°C / 1min // 5°C/min // 280°C / 4min

TEMPERATURE PROGRAM C

80°C / 2min // 5°C/min /{ 180°C //

40°C/min f/ 260°C / 2min

HP 5890 FID:

FLAME GAS N2:H2:.02

20 : 60 : 300 mifmin

TEMPERATURE

300°C

RANGE

24

HP 5988 QUADRUPOLE M3:

iON SOURCE TEMPERATURE 220°C
TRANSFER LINE TEMPERATURE 280°C
SCAN RANGE 40 - 400 amu
VARIAN 3300 GC:
COLUMN 30m DB-§, 0.25mm i.d., df 0.25um
CARRIER GAS Helium
VOLUME FLOW RATE 0.4 ml/min

TEMPERATURE PROGRAM

30°C / 1min /{ 5°C/min // 150°C //

50°C/min // 280°C / 4min

FINNIGAN MAT ION TRAP MS:

ION SOURCE TEMPERATURE 150°C
TRANSFER LINE TEMPERATURE 220°C
SCAN RANGE 40 - 400 amu
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Figure 6.3. GC-FID chromatogram of a desorbed silicone rubber trap.

IDENTIFICATION OF THE REAGENT AND OXIME-PRODUCTS

A quick study was carried out in order to determine the mass spectra and elution
order of the reagent and oxime products using a 100% PDMS SPME fibre. Reaction
schemes for each aldehyde with PFBHA are shown in appendix 3, along with the

product molecular formufas and masses.

The SPME fibre was exposed to the dynamic headspace of a 10g/L aqueous PFBHA
solution, for 1min at a flow rate of 10mi/min, followed by exposure to the pure
aldehyde for 10 seconds. This method was followed for each aldehyde. The fibre was
desorbed in the inlet, splitless for 1min at 250°C, of the HP5890 GC followed by mass
spectral analysis by a quadrupole mass analyser. Temperature program C in table
6.1 was used. Figure 6.4, shows the elution order of the aldehydes, except for the
HCHO-oxime and PFBHA, which elute before acetaldehyde, as shown in figure 6.12

and figure 6.16.
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Figure 6.4. Overlaid TIC of SPME-PFBHA coated fibre exposure to pure aldehydes.

Non-symmetrical carbonyl groups will form E/Z isomers around the carbon-nitrogen
double bond [50,128,129). From the chromatogram, figure 6.4, we observed
separated isomers for propanal, acrolein, butanal, crotonal and benzaldehyde. In our
study, both peaks were integrated for quantitation.

Propanal and acrolein co-elute, but a separation can be achieved, if desired, by using
a mass spectrometer, and selecting the m/z ratios unique to each compound, namely

m/z 236 for propanal and m/z 250 for acrolein.

Mass spectra for the PFBHA, formaldehyde-oxime and acetaldehyde-oxime obtained,
along with the corresponding NIST (National Institute for Standards and Technology)
mass spectrum are shown in figure 6.5, 6.6 and 6.7 respectively. The mass spectra
for other aldehydes studied can be found in the appendix 4. Table 6.2, lists the main
mass spectral fragments for each aldehyde-oxime studied, obtained on the

quadrupole MS. Where possible, these have been compared to literature values.
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Figure 6.6. A. Obtained El-Mass Spectrum for HCHO-Oxime.
B. NIST library El-Mass Spectrum for HCHO-Oxime.
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Table 6.2. EI-Mass spectra for PFBHA-aldehyde derivatives.

Molecular mass

Description:

Compound compound | PFBHA - oxime m/z Relative abundance
Formaldehyde 30 213 [M]""| 181 195 161 117 182 99 167 93
100 11 10 9 7 7 5 5 |Pure oxime - liquid injection [50]
100 12 10 9.9 6.7 9.6 5.4 6.3 |Pure oxime - liquid injection [22]
100 9.1 8.7 4.8 6.5 3.3 3.3 0.6 |NIST
100 15.8 | 15.5 9.7 7.4 7.3 2.7 4.2 |experimental EI{TD
100 121 9.7 6.7 7.7 4.9 4.5 3.7 |experimental EI-QUADRUPOLE
Acetaldehyde 44 239 [M]"] 181 195 161 117 182 209 167 99
100 6 6 5 7 8 4 4  [Pure oxime - liquid injection [50]
3 100 4 3 2 9 1" 3 PFBHA-oxime formed in beer {22]
100 0.6 1.3 NIST
1.5 100 3.5 6.8 5.4 7.1 6.0 3.5 4.6 |experimental EI-QUADRUPOLE
Fropanal 58 253 [M]" 181 195 161 117 182 223 236
1.2 100 3.7 7.1 5.5 8.6 Pure oxime - liquid injection [50]
3 100 4 3 2 9 7 9 PFBHA-oxime formed in beer [17]
0.8 100 3.4 3.6 1.6 7.6 6 9.4 NIST
0.6 100 3.3 4.9 4.3 8.4 2.1 10.1 experimental EI-QUADRUPOLE
Acrolein 56 251 [M]*"] 181 195 161 117 182 250 99 42
4.8 100 3.1 5.2 4.2 8.3 6.8 4.1 2.1 |experimental EI-QUADRUPOLE
[M] | 181 195 167 250 182 239 99 41
Butanal 72 267 100 7 3 6 10 14 3 4 PFBHA-oxime formed in beer [17]
0.4 100 5.8 2.3 .7 7.9 6.0 3.1 8.0 |experimental EI-QUADRUPOLE
Crotonal 70 265 [M1""] 181 195 161 117 182 250 251 43
1.0 100 2.8 3.9 3.6 7.3 20.3 5.4 9.9 |experimental EI-QUADRUPOLE
Benzaldehyde 106 301 [M]""| 181 77 69 103 182 271 51 65
7.4 100 17.0 9.0 8.5 7.5 53 14.6 | 13,5 |experimental EI-QUADRUPOLE
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Figure 6.7. A, Obtained Ei-Mass Spectrum for the acetaldehyde-oxime.
B. NIST library EI-Mass Spectrum for the acetaldehyde-oxime.

All oximes produce a base peak of m/z 181, which corresponds to the
pentafluorotropylium ion, formed by the cleavage of the bond in the B—position to the
pentafluoro-benzene ring [50,125]. Figure 6.8, demonstrates the formation of the

pentafluorotropylium ion from the PFBHA-aldehyde derivative.

Figure 6.8. Formation of the pentafluorotropylium ion m/z 181 [50,125].
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However, most PFBHA derivatives, excluding aldehydes that have an a, B double

bond (acrolein, crotonal), afford very poor, often absent, molecular ions, which make

the deduction of M" difficult [130].

Longer chain aliphatic aldehydes, C4 and longer, form PFBHA-oximes that produce
an m/z 239 resulting from a McLafferty rearrangement [130], as demonstrated in
figure 6.9 for the butanal-oxime. The m/z 239 ion was observed for our butanal-

oxime, see appendix 4 and table 6.2.

CH )
, @CHZ m/z 239
CH/O\N I / \
2 Y CH, F CH,
1 CH \ _=CH,
F CH™

Figure 6.9. McLafferty rearrangement of the butanal-oxime to form m/z 239 [130].

The ion m/z 250 is predominant in most a, B double bond aldehydes. Spiteller et.al.

[130], have suggested a mechanism for the generation of m/z 250, as depicted in

figure 6.10.
F F
H
\
CH ¥
—/c+ N—O{)
/N
H H

H\ _-R* . m/z 250
R‘jc\—(’:/ N—O{/ H—C
\?—C// F F \\ //
/

\

H

Figure 6.10. Mechanism for the formation of m/z 250 from 2-alkenal-oximes, where
R’ = H (acrolein) and CHs (crotonal) [130].
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The ionised molecule undergoes a hydride migration from the benzylic hydrogen to
the positive carbon atom, followed by carbon-carbon cleavage and the formation of a
double bond. Both mass spectra for acrolein and crotonal display the m/z 250 ion,

see appendix 4 and table 6.2.

Other ions formed are m/z 167, 155, 93 and 62 corresponding to the CsFs", CsFs',
C,F3' and C,F;" ions, respectively. The abundances for these ions are below 5% for

most aldehyde-oximes [50], as was also observed in our study.

Short chain aldehyde-oximes, such as acetaldehyde and propanal show the m/z [ M -
301", formed by the loss of NO from M*[50]. Our acetal and propanal-oximes,
displayed the m/z 209 and 223 respectively, corresponding to the suggested loss of

NO[M-301]".

Longer chain aldehydes will show a hydrocarbon pattern with successive losses of
m/z 14 in the lower mass range of the mass spectrum [50]. For the benzaldehyde-
oxime, m/z 77 and m/z 105 were ohserved representing the benzene and

benzaldehyde ions respectively (see appendix 4).

With this information available, we could also test the permeation and diffusion
standards prepared at the time. Figure 4.5 And 4.6 show the reconstructed ion
chromatograms of m/z 181 for exposure of the SPME fibre for 5 and 10 min to the

diffusion standards and permeation standards respectively.
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THE DERIVATISING REAGENT
LOADING THE REAGENT ONTO THE SILICONE RUBBER TRAP

Methods commonly used to coat sorbents involve coating the sorbent with a solution
containing the reagent followed by additional steps to remove the solvent [54,55]. We
decided against this technique first, because it would be tedious and time consuming.
Second, should all the solvent not be totally removed (particularly if the solvent is
water) this would lead to deterioration of the column, the Mass Spectrometer ion
source filament and extinguishing of the flame on the Flame lonisation Detector.
Instead, based on previous work by Martos and Pawliszyn [22] on SPME fibres, we
decided to load the headspace of the PFBHA from an aqueous solution onto the trap,

as this would preclude these disadvantages.

LOADING FROM AN AQUEOUS SOLUTION OF REAGENT

2.

L

Tk.-\ﬁ 4 { [ —‘-H,%g

T

P
X

e
T

.q»j" “"""'_ 4.
PN l/ ¥y
i e j’.ﬁ-
—t— 5
e
1. High purity nitrogen gas. 5. Aqueous reagent solution.
2. Mass flow controller. 6. Glass coated stirrer.
3. Glass impinger. 7. Teflon tube connection.
4. Headspace of the reagent. 8. Silicone rubber trap.

Figure 6.11. Set-up for loading headspace from aqueous reagent.
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Figure 6.11, shows the set-up used. A 10g/L aqueous solution of PFBHA was
prepared in 4ml of MilliQ water. Initially, the solution was placed in a fritted glass
bubbler, without a magnetic stirrer. However, we found that this technique led to
increased amounts of water condensing in the silicone trap, during collection.

An impinger was used instead. The amount of solution was such that the nozzle was
just above the surface of the solution. A glass-coated stir-bar was used to stir the
solution at 250 rpm, while nitrogen gas was blown over the surface of the stirred
solution, at a flow rate of 10ml/min. The dynamic headspace of PFBHA was collected
for 30 seconds.

Thermal desorption and analysis of the trap, using a Varian GC - Finnigan Mat ITD,
showed that the reagent was successfully loaded. Table 6.1, shows the experimentat
conditions used and figure 6.12, shows the chromatogram obtained for the collection

of a 5 ppm HCHO atmosphere collected at a flow rate of 10ml/min for 10 seconds.

Chromatogram Plot C:NITDATANHCHO1A Date:

Comment: 1OML-MIN PFBHA 3BSEC 10ML-MIN HCHO DIFF.STD 1O0SEC
Scan: 2100 Seg: — Group® —— Retention: 35.81 RIC: 9688630 Masses: 41-399
Plotted: 1 to 2100 Range: 1 to 2108 100 = 23117416
100 B
| F
] |
F F\\C,,QQEC/,F
| Il !
F C. F C C
‘\%/’\Q?/’ - \Yf; \\CHQ
I |
RN F O
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Figure 6.12. GC-ITD MS Total lon Chromatogram of PFBHA {loaded from agueous
headspace) and 30sec¢ sampling of a 5ppm HCHO atmosphere.
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This set-up proved problematic, as discussed below.

Although silicone rubber is hydrophobic in nature, micro-litres of water collected on
the trap. This amount of water, in combination with the excessive amount
(micrograms) of reagent entering the ion trap contributed to the deterioration of
vacuum conditions inside the lon trap (ITD}. The instrument could not be used further
until the vacuum was restored and most of the water removed, this procedure can
take up to two whole days. Removal of water from an ion trap is made difficult by the
fact that the ion trap is held at a lower temperature {(150°C) than, for example, the
quadrupole mass analyser {250°C). In addition, because ions are held in the ion trap
before mass separation, M+1 peaks were produced as a result of self chemical

ionisation protonation. Figure 6.13, shows the mass spectrum for the HCHO-oxime

obtained from the EI - ITD.

W Pks: 51 Base Pk: 181 Int: 165365 166 .86 = 165365
108 181 _
INT- .
161 195
226
l T l T I ll I L ] T ] T '[ T I T I T
49 68 88 188 120 148 168 180 288 228 248 268 288

Figure 6.13. ITD El-Mass spectrum of the formaldehyde-oxime.
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Hence, we decided that the quadrupole mass analyser would be more suitable for
any further mass spectrometry in this study.

In addition, prevention of excess water condensation in the silicone rubber trap could
be achieved by keeping the temperature of the PFBHA aqueous solution a few
degrees lower than the temperature of the trap. This was made possible by placing
the impinger in a water-bath containing ice. The temperature was reduced from 18°C
to 12°C. However, the repeatability of temperature for each PFBHA collection is

difficult to maintain in this way.

REAGENT PURITY

We found formaldehyde-oxime contamination in the reagent blank. This is a serious
problem experienced by several other users of PFBHA [51,128,129] and
derivatisation reagents in general (chapter 2). Suggested reasons for this are first,
HCHO is a by-product of ozonated water [51]. Second, HCHO is present in air which
then dissolves in water [51]. Bidistilled, analytical reagent water, KMnQO, oxidised and
Milli-Q/ MilliPore water all contain the HCHO-Oxime [51,129], with the tandem Milli-Q
system providing the lowest blank value [129]. Preliminary work showed that distilled
water and Milli-Q water, in our labs, also displayed the oxime blank. The percentage
of HCHO-Oxime relative to PFBHA collected is shown in figure 6.14.

The reagent blank is reported in this manner as the amount of oxime loaded appears
to be proportional to the amount of PFBHA loaded, which is not a repeatable process
(see section 6.3.5). However, since no amount of water purification could completely
remove the HCHO-Oxime in the reagent blank, we decided to collect the headspace
from the pure reagent, as this would surely remove the contamination present due to

water.
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Figure 6.14. Comparison of HCHO-oxime in PFBHA (aq) and PFBHA (s).

6.3.4 LOADING FROM THE PURE REAGENT

6 4 5. 4 3.
| [ =
1 K [ +— —&—+ [j1_
— | e I [ e i—reee—————
3. 7. 8.

1. High purity nitrogen gas. 5. Pure solid reagent.
2. Mass flow controller. 6. Activated charcoal trap.
3. Glass tube packed with reagent. 7. Teflon tube connection.
4. Glass wool plug. 8. Silicone rubber trap.

Figure 6.15. Set-up for loading headspace from the pure reagent.

A PFBHA pre-trap and activated charcoal trap were included in the set-up to ensure
that no trace amounts of HCHO potentially present in the nitrogen gas could enter the
PFBHA loading trap. Any HCHO arising from the nitrogen gas would be derivatised
by the first PFBHA trap and then trapped by the activated charcoal before reaching
the tube containing the PFBHA from which the headspace would be concentrated in
the silicone rubber trap. Figure 6.15, shows the set-up used. All collections were
made at a room temperature of 22°C, maintained by air-conditioning in the lab. From
the results obtained, it is clear that the reagent is also contaminated. Hence, we had

to determine the reagent blank. An acceptable reporting method is to take the
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average HCHO amount in a series of blanks plus 3 times the standard deviation for
the series of blank runs [129]. This results in a reagent blank value of 23ng HCHO in
a 10min collection of PFBHA at a flow rate of 5ml/min (n=5).

Figure 6.16, shows a GC-FID chromatogram of a typical reagent blank collected

using this set-up.

REAGENT LOADING REPEATABILITY

At the start of the study it was not necessary to know precisely how much reagent
was on the trap as long as it was present in excess. However, with the introduction of
the reagent blank it became important that the amount of HCHO-oxime remain
constant, as this would determine the detection fimit for HCHO.

To study the collection from an aqueous solution of PFBHA (section 6.3.2), the
silicone rubber trap was used to collect the dynamic headspace of PFBHA for 1 min
at a flow rate of 10ml/min. Nitrogen gas would then be blown over the solution for a
time and then another silicone trap would be loaded. This method was followed
several times. All traps were analysed using the TCT4020 HP GC-FID instruments,
with the parameters used described in table 6.1, using temperature program A and
FID range 2°. A repeat collection of PFBHA was performed the following day under
the same conditions.

Figure 6.17, shows the curve for all the PFBHA (aq) collections over time.

From the repeated aqueous PFBHA collection a similar trend was noted. Namely,
there is first a steep increase followed by a steady decrease in the amount of PFBHA
collected. This could be due to the PFBHA first coating the inside of the glass vessel
surfaces and then moving towards the trap, after which the vapour pressure of the

PFBHA begins to decline.
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Figure 6.16. GC-FID chromatogram of the PFBHA reagent, headspace collected

from the pure solid for 10min at Sml/min.
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Figure 6.17. The depletion of PFBHA headspace from an aqueous solution.

A similar study was performed on the collection of PFBHA from the pure reagent

(section 6.3.4). Silicone rubber traps were loaded with the headspace of PFBHA, as

described in 6.3.4, for 10min at a collection flow rate of 10ml/min. They were loaded

one after the other, except for the last trap which was loaded the next day.

Instrumental conditions are described in table 6.1, using the TCT4020 HP GC-FID

instruments, temperature program A and FID range 2*. Results shown in figure 6.18.
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I'=igure 6.18. The depletion of PFBHA headspace from the pure reagent.
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Figure 6.18, shows that the oxime amount changes proportionally with the amount of
reagent loaded. Again, we noted that the amount of reagent collected decreases with
every collection. However, the last data point is higher again, as this trap was loaded
the following day. It would appear that the vapour pressure of the PFBHA decreases
with every collection, and increases again over time when no collections are made.
This was also observed with the aqueous PFBHA headspace collections.

It was becoming increasingly obvious that loading the reagent repeatably would be a
problem. Since we decided not to collect PFBHA from the aqueous solution, a closer
look at collecting from the pure reagent was made. Perhaps, by decreasing the
collection flow rate from 10ml/min to 5mi/min, we could increase PFBHA loading

repeatability.

A series of PFBHA collections from the pure reagent were made, at both flow rates,
for increasing amounts of time. All traps were analysed using the TCT4020 HP GC-
FID instrument parameters in table 6.1.

Figure 6.19, shows the increase in PFBHA and HCHO-oxime peak area with
increasing loading volume at 5mi/min and 10ml/min. From the graph, it would appear
that loading at a flow rate of 10mi/fmin seems ideal. It appears that more PFBHA is
loaded at 10mi/min than at 5mi/min. However, the variation of the oxime peak area
relative to PFBHA peak area is reduced from 67 % RSD to 19% RSD when moving
from a collection flow rate of 10ml/min to Sml/min, respectively. Thus using a
collection flow rate of 5ml/min for reagent loading would provide more certainty on the
amount of HCHO-Oxime already present in the reagent, before sample collection.
However, from the graph, it is also clear that the amount of reagent loaded is greatly
reduced at this flow rate. We are therefore limited to short sample collection times, as
the reaction rate is dependent on an excess presence of reagent [22]. The coilection
volume can of course be extended if only trace amounts of aldehydes are present

and the reagent is not depleted.
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Figure 6.19. Peak area of PFBHA and HCHO-oxime with increasing loading volume

at 5 and 10ml/min collection flow rates.

Martos and Pawliszyn [22], demonstrated, during their fibre selection process, by
blowing nitrogen over the fibres, that the PFBHA is not as well retained on the 100%
PDMS fibre as on their more polar variations. This was also observed on the silicone
rubber trap, as shown in Figure 6.20, that the PFBHA depletes with increased
collection time of nitrogen gas from the gas standard oven. Natice that the HCHO-

oxime remains constant, indicating a better retention of this compound on the trap.
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Figure 6.20. The depletion of PFBHA from the silicone trap with exposure to nitrogen
at a flow rate of 10mi/min.
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6.4

THERMAL DESORBTION — CRYOGENIC FOCUSSING

A description of the instrument was given in chapter 5. An experiment was performed
to determine the conditions under which the HCHO-oxime would be completely
transferred to the GC column i.e. when the desorption process is complete.

The silicone rubber trap, described in chapter 3, can be compared to a
chromatographic column having a polydimethylsiloxane stationary phase. Literature
{22, 50,129] and our own studies indicate that the HCHO-oxime elutes before the
PFBHA. It could therefore be assumed that the PFBHA would “elute” off the silicone
trap after the HCHO-oxime. Since no HCHO-oxime standard was available,
determining the total transfer by using the PFBHA peak would have to suffice.

(The alternative could also be to synthesise the HCHO-Oxime.)

However, after an initial exercise done by injecting PFBHA directly onto the column, it
became clear that the PFBHA, being an amine, did not chromatograph well. Due to
amine-interactions with the fused silica surface, tailing peaks were produced and not
the ideal gaussian peak shapes required for normatl integration. PFBHA would

therefore be an unsuitable compound for quantitation.

Based on the above observations, we then decided to use dodecane (C12), which
elutes after PFBHA. 1uL of a 20ng/ul C12 in CS;, was placed onto the top of the
silicone trap using a 5 puL syringe. As desorption flow is from the top to the bottom of
the trap, once the C12 is completely desorbed it is obvious that any compound which
elutes before C12 on the trap has also been completely desorbed. Traps were
analysed using the TCT4020 HP GC-FID instruments, temperature program A, as

shown in Table 6.1.
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Figure 6.21. Optimisation of the thermal desorption of dodecane (C12) from a silicone trap

Figure 6.21, shows a graph of C12 peak area versus desorption temperature, From
these results we can see that the C12 has reached a maximum peak area at 150 °C
which is stable up to 250°C. A temperature of 220°C was chosen for the desorption
process. Silicone degradation increases with higher temperatures, which resutlt in
increased silicone peak areas [26], causing additional problems such as peak
overlap, column overload and contamination of the MS ion source. For this reason
higher temperatures were not chosen. A blank run of the silicone trap after this
desorption cycle indicates complete transfer of the oxime and reagent and no carry-
over. We also decided to include a backflush cycle at 280°C for 10 min to remove any
other compounds not desorbed at 220°C from the trap. In doing so we could ensure a

clean, conditioned trap which is ready for use again.

Dodecane (C12) was added, as an internal standard, to all traps just before
desorption in the TCT unit. The C12 was used not only to quantitate the amount of
oxime formed, as described in section 5.3, but also as a means to check for any

losses in the TCT unit during the desorption process.
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6.5

REACTION EFFICIENCY

The ability of PFBHA to react with formaldehyde inside the silicone rubber was
investigated. A linear increase of derivatised HCHO against collection volume would
indicate that pre-concentration is occurring. The silicone rubber trap was loaded with
pure PFBHA headspace for 10min at Sml/min, followed by exposure to a HCHO-
atmosphere for increasing time intervals, then analysed using the standard conditions
described in table 6.1, temperature program A, TCT4020 HP GC-FID.

Two atmospheres were sampled: an 80ng/min HCHQ gas standard provided a
5.98ppm HCHO atmosphere, and a 100ng/min HCHO gas standard sampled from the
dilution system, described in chapter 4, yielded 1.33ng/min of HCHO which provided

a 0.1ppm HCHO atmosphere.

Various exposure times were chosen in order to construct two curves of HCHO (ng)
versus collection time. One curve is the plot of HCHO reacted against collection time,
the other curve is the plot of HCHO flowing through the trap against collection time.
The amount of HCHO reacted is calculated from the HCHO-oxime peak area and the
peak area of the C12 internal standard, desorbed from the trap, using the method
described in section 5.3.

The amount of HCHO flowing through the trap is determined based on the gravimetric
measurement of the mass loss rate (ng/min) of the HCHO permeation gas standard

and the calculated dilution factor (see chapter 4).

A comparison of the gradients of the two curves would indicate whether the reaction
is 100% efficient or if it is below the expected mass loss rate of the HCHO gas
standard. The assumption is made that no HCHO gas is lost in the set-up due to

leaks, polymerisation or adsorption on surfaces in the set-up.
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Figure 6.22. Collection of a 5.98ppm HCHO atmosphere at 10ml/min over time.
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Figure 6.23. Determination of reaction efficiency of 5.98ppm HCHO with PFBHA.

*Mass of HCHO reacted is calculated with the HCHO-Oxime peak area {shown in Figure 6.22), the
C12 internal standard peak area and relative response factor, using the method shown in section 5.3,

**Mass of HCHO flowing through the trap is determined from the gravimetrically measured mass loss

rate {ng/min) of the HCHO gas standard sampled.
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Figure 6.24. Collection of a 0.1ppm HCHO atmosphere at 10ml/min over time.
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Figure 6.25. Determination of reaction efficiency of 0.1ppm HCHO with PFBHA.

*Mass of HCHO reacted is calculated with the HCHQO-Oxime peak area {shown in Figure 6.24), the
C12 internal standard peak area and relative response factor, using the method shown in section 5.3

**Mass of HCHO flowing through the trap is determined from the gravimetrically measured mass loss

rate (ng/min} of the HCHO gas standard (and the calculated diluticn factor) sampled.
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Figure 6.22 shows the graph of peak area versus collection time, obtained for the
sampling of a 5.98ppm HCHO atmosphere. Figure 6.23, shows the comparison of the
gradients of HCHO (ng) reacted and HCHO (ng) flowing through the trap, for the first
60m! collected from the 5.98ppm HCHO atmosphere.

Similarly, figure 6.24 shows the graph of peak area versus collection time, for a
0.10ppm HCHO atmosphere. Figure 6.25 shows the comparison of gradients of
HCHO (ng) reacted, and HCHO (ng) flowing through the trap, for the first 400ml

collected from the 0.1ppm HCHO atmosphere.

Trapping from the 5.98ppm HCHO atmosphere (figure 6.22 and 6.23) shows a linear
increase (R? = 0.9794) of the HCHO-Oxime peak area (figure 6.22) or the amount of
HCHO reacted (figure 6.23), from 0 to 5 min collection time (50ml collection volume).
Thereatfter, the curve is no longer linear, and even starts to decrease, as the amount
of PFBHA is depleted and therefore not available to react with the HCHO gas
entering the trap. Thus trapping of concentrations above 5.98ppm, for longer than
100ml at 10ml/min, will not be quantitative. In addition, a comparison of the gradients
{figure 6.23) indicates that the trapping is 75% of what we expected. Our HCHO gas
standard provided HCHO gas flow through the trap at a rate of 80ng/min, but the

HCHO was only being trapped (reacted) at a rate of 60ng/min.

Likewise, sampling of the 0.1ppm HCHO atmosphere (figure 6.24 and 6.25), indicates
a linear increase (R? = 0.952) from 0 to 40 min (400 ml collection volume), then starts
to decrease as PFBHA depletes. However, for this lower concentration, a comparison
of the gradients in figure 6.25, indicates 95 % trapping efficiency during the first 400
ml coliected. That is our HCHO gas standard provides HCHO gas flow through the
trap at a rate of 1.33ng/min and this HCHO is being trapped at a rate of 1.26ng/min

on our PFBHA-coated silicone rubber trap.
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From these curves we are also convinced that our method to calculate the amount of
aldehyde present, using Effective Carbon Numbers (ECN), the C12 internal standard

and relative response factors, described in section 5.3, performs well.

This procedure was also applied to the other aldehydes in our study. Permeation
standards of type 2 were used for acetaldehyde, propanal, acrolein and crotonal.
Butanal and Benzaldehyde were type 1 permeation standards. Their respective
permeation rates can be obtained from table 4.1. Figure 6.26, shows the
chromatogram obtained for the sampling of the aldehyde permeation gas standards
{type 2). These aldehydes were identified by their elution temperatures, obtained by
the study above (section 6.2). Propanal, butanal and benzaidehyde were not

detected.
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Figure 6.27. Determination of reaction efficiency of 3ppm acetal, 1.5ppm acrolein and 2.5ppm
crotonal with PFBHA.

Mass of aldehyde reacted is calculated with aldehyde-oxime peak area, C12 internal standard and
relative response factors using the method shown in section 5.3. The predicited ECN for acetaldehyde
is 7.45, for acrolein 8.35 and crotonal 8.385.
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Figure 6.26 GC-FID chromatogram obtained for the collection of 3, 1.5 and 2.5

ppm acetal, acrolein and crotonal respectively, for 10 min at a flow rate of
10ml/min

102




Figure 6.27, shows the plot of reacted aldehyde over collection time for acetaldehyde,
acrolein and crotonal at concentrations of 3, 1.5 and 2.5 ppm respectively, the dotted
lines are the trend lines for the linear portions of each curve. In the first 5 minutes
(50ml coliection volume) there is a linear increase for each aldehyde, but upon
comparison with the aldehyde amounts flowing through the trap (determined from the
gas standards), they all indicate roughly a 4% reaction efficiency. It may be that these
aldehydes do not react as rapidly with the PFBHA as HCHO does. However, we
suspect that the gas standard glass impinger was not leak tight, and a more suitable

leak-tight set-up should be made before further studies using these aldehydes are

performed.

Based upon these results, table 6.3, lists the average percentage peak area of the
first isomer peak to the second isomer peak, for acetal, acrolein and crotonal oxime.
The ratio of these peaks appear to be constant, so in addition, this will allow for easier

identification of the compounds when using an FID.

Table 6.3. The variation in the ratio of the isomer peaks of acetal,
acrolein and crotonal-oximes.

average % peak area 1 of %RSD n

peak area 2
acetaldehyde-oxime 50.60 13.40 7
acrolein-oxime 58.38 8.31 6
crotonal-oxime 79.39 16.03 6

We also wanted to determine, based on these experiments, what would be the
minimum detectable concentration of these aldehydes. For this calculation, using the
results from the 1 min (10ml) collection of the permeation standards, we obtained the

signal-to-noise (s/n) ratio of the second isomer peak of the aldehyde-oximes. We then
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solved for the minimum concentration that can be detected at a s/n ratio of 3. Table
6.4 shows the minimum detectable concentrations for acetaldehyde, acrolein and
crotonal. From these results, we are content to see that the detection limits we
obtained for these aldehydes are below their Permissible Exposure Limits (PEL) [6].
In addition, we know that these results are based on a sample coliection time of only
1 min, therefore a longer sample collection time would result in even lower detectable

concentrations.

Table 6.4. Determination of minimum detectable concentrations for acetaldehyde,

acrolein and crotonal.

acetal acrolein crotonal
Permissable Exposure
Limit (ppm) [6] 100 0.1 2
gas standard 30 15 25
concentration (ppm) ' ) '
s/n isomer peak 2 257.7 79.1 118
minimum detectable
concentration (ppm) at 0.035 0.057 0.064
s/in3

REAGENT DEPLETION versus BREAKTHROUGH VOLUME

in chapter 3, we discussed the retention capability of a sorbent trap in terms of its
breakthrough volume. In this study two silicone traps, coated with PFBHA, were
arranged in series. The first trap remained at the outlet of the 0.1ppm HCHO
atmosphere, while the second trap was analysed for breakthrough. The second trap
was replaced each time with a new PFBHA coated trap. All traps were analysed as in

section 6.5. FID range was 2°. Figure 6.28, shows the curve obtained for a
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breakthrough study of HCHO and its derivative. All data points are obtained from the
analysis of the second trap, except for the last data points (after 3000ml) for the

HCHO-oxime and the PFBHA which, are from the first trap.
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Figure 6.28. Determining the breakthrough volume of the HCHOC-oxime onto the second trap*.
*Two PFBHA-coated traps were arranged in series at the exit of the 0.1ppm HCHO atmosphere. The

second trap is anaiysed after the various collection volumes indicated. Collection flow rate

10ml/min.Dodecane (C12) is the internal standard. Data points after 3500ml were obtained from the
first trap.

After 3 litres of sampling, we expected some breakthrough onto the second trap, as
surely the PFBHA would be depleted on the first trap at this time, as discussed above
in section 6.5. The slight increase of HCHO-oxime from 1800 ml onwards we attribute
to the proportional increase in PFBHA loaded on the second trap.

Since there was no clear increase of HCHQO-oxime on the second trap, the HCHO
was still being retained somehow. Upon desorbing the first trap, it was clear that there
was no breakthrough of HCHO-oxime, even after 3 litres of sampling. The PFBHA

was stili present on the first trap, but no longer in excess as seen in figure 6.28.
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From this curve, it is clear that the HCHO-oxime is well retained on the trap.
Nevertheless, of greater importance is the depletion of the PFBHA. We suspect that
once the reagent is totally consumed on the first trap, breakthrough of HCHO will
occur. It is possible that some HCHO, not efficiently trapped by the depleting PFBHA
on the first trap, could have broken through but that it never exceeded the
background HCHO amount in the reagent on the second trap.

Since the HCHO-oxime is well retained on the silicone trap, we can also deduce that
the other aldehyde-oximes, which elute after the HCHO-oxime, will have an even

better retention on the silicone rubber trap.

CONCLUSION

From these studies, we can conclude that in-sifu derivatisation on silicone rubber
traps is possible. A simpler method is used for coating the sorbent with derivatising
reagent, which effectively reduces sample preparation time. Aldehydes are pre-
concentrated and retained on the silicone by reacting with the PFBHA in the silicone
to form the stable oxime products. These products have been successfully desorbed

from the silicone rubber trap and analysed by Flame lonisation Detection and Mass

Spectrometry.

However, our biggest problem remains the high formaldehyde-oxime contamination in
the PFBHA reagent. In addition, the reagent cannot be loaded onto the silicone
rubber trap with high repeatability. Consequently, our next step in this project, is to
investigate possible methods such as recrystalisation [50] to eliminate these problems
as it severely restricts our detection limit for HCHO. HCHO atmospheres as low as

0.1ppm has been detected. This detectable amount does meet certain exposure limits
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set by OSHA, ACGIH and the WHO, shown in table 1.1, but not the NIOSH PEL of
0.016ppm.

We have shown that permissible concentration exposure limits for acetaldehyde,
acrolein and crotonal can be reached with our method (table 6.4). Lower detection
limits are possible for these aldehydes as they are not present in the reagent blank.
For this reason we could have loaded more PFBHA onto our silicone rubber traps for
the determination of the reaction efficiency of these aldehydes with PFBHA, and for
determination of their minimum detectable concentrations. However, further work is

required on the gas standard set-up, as a leak was suspected.

107




71.

7.2

CHAPTER 7

TESTING THE SILICONE RUBBER TRAP ON REAL SAMPLES

INTRODUCTION

In the previous chapters we have shown, using gas standards, that aldehydes can be
derivatised and pre-concentrated on the silicone rubber trap. They are successfully
thermally desorbed and analysed by GC - FID or MS. However, it is also important to
study the ability of the silicone rubber trap to derivatise and pre-concentrate

aldehydes from real life gaseous samples.

In this chapter, the use of the silicone rubber trap is tested on several real samples.
These samples were collected from both indoors and outdoors as well as inside cars.
These are areas where we usually expect formaldehyde to be present. In addition the

headspace of three different beers were sampled for acetaldehyde analysis.

In view of the difficulties experienced with the purity and loading of the derivatising
reagent, as well as the method of quantitation used, the results obtained are at best
semi-quantitative. These tests serve only to demonstrate the application of in-situ

derivatisation on silicone rubber traps for real sample analysis.

EXPERIMENTAL

The traps, used to analyse for HCHO content, were coated with PFBHA headspace

from the pure reagent (section 6.3.4) for 10min at a flow rate of 5ml/min. All air
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samples were collected for 50min, using a GilAir-3 air sampling system from Gilian,

set at a collection flow rate of 10ml/min.

The traps, used for the beer analysis, were coated with PFBHA headspace from the
pure reagent for 50min at a flow rate of 10ml/min, except the Black Label beer which
was loaded for 10min. Acetaldehyde in beer was analysed by collecting the dynamic
headspace of approximately 40ml of beer from an impinger type device, similar to that
used for the collection of aqueous PFBHA (section 6.3.2). The nozzle of the impinger
is above the surface of the beer, which was stirred by a glass coated magnetic stirrer
at 500 rpm. The impinger was immersed in a water-ice bath to limit the amount of
water condensation in the trap. Nitrogen gas was used {o load the headspace of the
beer at a flow rate of 10ml/min for 10 minutes. The combination of stirring and
nitrogen gas blowing over the beer surface, allowed for minimal foaming of the beer.

Hence, no anti-foaming agent was required.

All samples were colilected using 2 silicone rubber traps arranged in series connected
with a teflon tube. The traps were analysed using the TCT4020 HP GC-FID

instruments, with the conditions as described in table 6.1. The temperature programs

used are listed in table 7.1 and 7.2.

Ideally gas chromatography with mass spectrometric detection should be used when
testing real samples, as overlapping peaks can easily be discerned. Unfortunately, we
could not use our quadrupole mass spectrometer at the time, as it was not providing

adequate sensitivity.
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7.3.1

RESULTS AND DISCUSSION

Table 7.1 lists the air samples collected and formaldehyde amounts obtained from
both traps, calculated as described in section 5.3. The formaldehyde-oxime blank
value (peak area) was subtracted from the real sample HCHO-oxime peak areas,
before the HCHO amount was calculated. The peak area blank value was calculated
by taking the average of a series of PFBHA blanks plus 3 times the standard
deviation thereof resulting in a peak area of 67,781 uV.s (i.e. 23.69ng HCHO). The
HCHO gaseous concentration in part-per-million (ppm), was calculated by taking the
sum of HCHO (ng) in each trap and dividing it by the collection volume. This value
was then divided by the conversion factor of 1.23 [6] to convert the HCHO unit of

ng/ml to ppm, shown in table 7.1. The percentage trapping efficiency was also

determined.

Table 7.2 lists the beer samples collected and acetaldehyde (CH;CHO) amounts
obtained from both traps, calculated as described in section 5.3. The CH,CHO
gaseous concentration in part-per-million (ppm), was calculated by taking the sum of
CH3CHO (ng) in each trap and dividing it by the collection volume. This value was
then divided by the conversion factor of 1.8 [6] to convert the CH3CHO unit of ng/ml to

ppm, shown in table 7.2. The percentage trapping efficiency was also determined.

AIR SAMPLES

All air samples collected, listed in table 7.1 are depicted in figures 7.1 to 7.7 for trap 1.
Immediately apparent in all of these chromatograms is the repeatable retention times

and peak heights of the silicone degradation peaks, indicated with an asterisk (*). In
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addition, the PFBHA, HCHO-oxime and C12 peaks disptay consistent retention times

throughout.

Figure 7.4 shows a chromatogram of parking lot air sampled using the silicone trap,
without any PFBHA loaded on it. Figure 7.3 shows a dramatic decrease in the
complexity of the chromatogram obtained, when sampling air from the parking lot
using a PFBHA-coated silicone trap. Several peaks have disappeared; we believe
this is a result of various carbonyl compounds in the air reacting with the PFBHA. We
assume most of the other peaks are hydrocarbons emitted from the car exhausts. As
expected, formaldehyde is present in the air, particularly as a result of incomplete

combustion of hydrocarbons in fuel.

A problem occurring with the parking tot samples was the extinguishing of the flame
on the FID, as seen after 5 min on the chromatogram in figure 7.4. In addition the
sensitivity of the instrument was halved after these samples were run. We suspect
that fine dust particles may have entered the column, biocking it in the process. The
sensitivity was restored by cutting off 30cm of the capillary column.

Figure 7.5, showing the air sampled from a bar, indicates the presence of
formaldehyde resulting from tobacco smoke. In addition, alcohol (ethanol) eluting at
2min, and acetaldehyde are also present as expected. Notice, however, that the ratio
of the acetaldehyde-oxime peaks are not what we expected, peak 1 should usually be
half the size of peak 2. Analysis with an MS would have eliminated this uncertainty.
A comparison of the chromatograms for sampling the indoor air of a new car (figure
7.6 ) and an old car (figure 7.7) indicate the presence of HCHQO in both, with the new
car having a much higher amount {table 7.1). Nevertheless, HCHO is present in the
older car too, along with other volatiles notably absent from the newer car. This

HCHO probably originates from the exhausts of other cars during traffic.
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The results obtained in table 7.1 indicate breakthrough onto trap 2, despite PFBHA
still being present on trap 1. Consequently, the calculated trapping efficiencies are
much lower than expected. This contradicts our breakthrough (section 6.6) and
reaction efficiency (section 6.5) studies. From these studies we observed no
breakthrough of the HCHO-Oxime after 3 litres of air sampling at a flow rate of
10ml/min. We only sampled 500ml of air. In addition, reaction efficiencies for HCHO
and PFBHA were observed to be between 75 and 95%.

Martos and Pawliszyn [22] have suggested that the reaction rate between PFBHA
and HCHO is directly proportional to the concentration of HCHO, only while the
PFBHA is minimally consumed. Once the reagent is no longer in excess, the reaction
rate will decrease.

With this information, we can deduce why breakthrough occurred onto the second
trap. The average peak area (plus 3 times the standard deviation) of PFBHA loaded
onto the trap for 10min at 5mi/min is 482,562uV.s (n=5). For the data from the newly
carpeted laboratory, the peak area of PFBHA remaining on trap 1 is 199,580uV.s.
This indicates that 58%, more than half, of the PFBHA has been consumed. The
reaction rate between PFBHA and HCHO has therefore decreased and we no longer
have the >80% trapping efficiency. Similar trends were observed for the other air
samples, except for the indoor air of the new car (trap 1). Here we suspect that the

amount of PFBHA loaded onto the trap was more than we expected.

Our tests in the laboratory were based on the reaction between PFBHA and HCHO
alone. With the real samples, however, other aldehydes and carbonyl groups are
present in the air and will also react with the PFBHA, contributing to its rapid depletion
and consequent decreased reaction rate with HCHO. It is therefore necessary to use

a back-up trap when collecting the real gaseous samples.
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7.3.2

HEADSPACE BEER SAMPLES

Figures 7.8 to 7.11 show the chromatograms obtained by sampling the dynamic
headspace of various beers, from trap 1. Once again, the silicone, PFBHA, HCHO-
oxime and acetaldehyde-oxime peaks show consistent retention times.
Unfortunately, extinguishing of the flame on the FID was also experienced with these
samples, as shown in figure 7.8 at 5 min. A temperature difference of at least 10°C
between the beer and the trap, had to be maintained during sampling to avoid
condensation of water in the trap and consequent extinguishing of the flame.

Also noted, was a co-elution of a compound from the beer with our internal standard,
dodecane (C12). An average peak area of 15,000 uV.s for C12 was used for the
calculations (section 5.3). Another peak, at 13.5 min also co-eluted with one of our
silicone peaks. If these peaks were of interest to us, the use of a mass spectrometer
would be ideal, as the silicone peak can easily be subtracted from the co-eluting peak

based on its unique m/z ratios.

It has been suggested that beers not brewed locally have a higher acetaldehyde
content, as a result of the ageing process. These beers take longer to reach the
public, as they must be transported in, from outside the country first. Windhoek Light,
is an example of a lager beer not brewed locally. From table 7.2, it is clear that the
amount of acetaldehyde in the Windhoek Light, is nearly twice as much as for the
Castle Lager, which is a local brew.

Figure 7.11 shows the comparison of the collection of the dynamic headspace of
Castle Lager beer, with and without PFBHA in-situ derivatisation. Unlike the parking
lot sample, no peaks seem to have disappeared in the derivatisation trap. Several
carbonyl compounds are present in beer [17]. However, longer sampling times would

be required to derivatise these carbonyls from the headspace of beer.
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Similar to the air samples, we again noted a contradiction with the results listed in
table 7.2, and our studies performed in section 6.5. In this case, our concerns for the
lack of a leak-tight gas standard sampling set-up, is confirmed by the trapping
efficiencies we obtained from the beer samples. These ranged from 14% to 60 %,
which is above the 4% reaction efficiency for CH;CHO pure gas standard with PFBHA
determined in section 6.5. The amount of PFBHA on trap 2 for the Castle and
Windhoek Light lagers, are higher than the amount of PFBHA on trap 1. This is
because trap 2 in both cases was coated with PFBHA first. Trap 1 was loaded with
PFBHA immediately afterwards. Based on our previous studies on reagent loading,

we presume that the reagent vapour pressure was drastically depleted at that time.

As with the air samples, we believe breakthrough occurred because the PFBHA on
trap 1 was consumed by more than 10% of the original amount. This lead to a

decreased reaction rate between acetaldehyde and PFBHA

In addition, the isomer peak ratios for the acetaldehyde-oximes obtained from the
headspace of beer, are ndt what we expected. From the reaction of PFBHA with our
acetaldehyde gas standard in section 6.5, we determined the average ratio of isomer
peak 1 to isomer peak 2 to be 50%. The isomer ratios for the acetaldehyde-oxime
from Castle Lager, Black Label Beer and Windhoek Light were 35%, 33% and 66%
respectively. We imagine that the isomer ratios may be concentration dependant and

that it may also be affected by the presence of moisture in the surroundings.
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CONCLUSION

From the results obtained for analysing real gaseous samples using in-situ
derivatisation on the silicone rubber trap, we can safely say that it is a very promising
technique. Loading the reagent and sampling with the portable pump is quick and
easy and the actual collections did not have to be supervised.

In addition, the traps were immediately reusable after every analysis and no loss in
performance was observed for the traps.

However, the trapping efficiencies for HCHO and CH,CHO, were contradictory to our
expectations based on our studies in the previous chapter. PFBHA is not minimally
consumed and the reaction rates with HCHO and CH;CHO has decreased. Ideal

sampling conditions must still be determined.

115




okl

(024.*

Table 7.1. Quantitation of collected real samples for formaldehyde (HCHO) analysis.

trap 1 trap 2
@G
3E y
HCHO- HCHO- HCHO** | ® @ |%trapping
. . oxime . PFBHA HCHO * : oxime . PFBHA HCHO * {ppm) g 5’ efficiency
air samples tr (min) ta (min) { peak area tr (Min) tz (min} [ peak area £ 5
peak area (UV.s) ng peak area (WV.5) ng &
(uv.s) ’ {uv.s) ’
newly-carpeted laboratory 13.812 108,259 16.283 199,580 13.39 13.822 103,390 16.346 | 463,402 11.84 >(.0410 A 11.53
poorly ventilated office 13.91 86,075 | 16.371 | 130,121 6.05 13843 | 20313 | 16278 | 12,654 | Vel 50,0008 | A ~
parking lot no reagent loaded 13.92 138,493 16.405 | 246,975 23.39 >0.0380 A ~
bar with tobacco smoke 13.817 129,436 16.280 113,792 20.39 13.82 115,738 16.314 | 263,611 15.86 >0.0589 B 2222
indoor air of a new car 13.843 130,070 16.363 463,016 20.60 13.836 131,729 16.332 281,955 2115 >0.0679 B ~
indoor air of an 11 year oid car 13.851 96,150 16.335 190,944 9.38 13.844 74,816 16.369 303,590 233 >0.0190 A 75.20

* Mass of HCHO(ng) calculated by first subtracting HCHO-biank peak area ( 67781 uV.s) from the HCHO-oxime peak area. Second, this value
is divided by the FID-RRF for the HCHO-Oxime relative to C12 (403.125). Third, the value obtained ( HCHO-Oxime (ng)) is divided by the
molar mass of the HCHO-Oxime (225g/mol) to give the nmo! of HCHO. Finally this value is multiplied by the molar mass of HCHO (30g/mol) to
give HCHO (ng).

** HCHO {ppm) calculated by taking the sum of HCHO(ng) of trap 1 and trap 2 and dividing by the volume sampled (500ml). This value is then
divided by the HCHO conversion factor (1.23). HCHO conversion factor 1ppm=1.23ng/mi [6].

% Trapping efficiency = [ 1 - (HCHO-trap2/ HCHO-trap1) ] x 100




L1

Table 7.2, Quantitation of collected real samples for acetaldehyde (CH;CHO) analysis .

trap 1 trap 2
2
CH,CHO™ AR trapping
acetal- acetal- 3 H °
- PFBHA # , PFBHA | ~h.cHO 2 & efficiency
headspace beer samples ts (min) oxime tz{min) | peak area CH,CHO tr (min) oxime tz (min} | peak area 3 (pom} E&
peak area (uV.s) ng peak area (UV.5) ng &
(uV.s) ' {uVs) '
16.767 105,718 16.756 82,671
castle lager 16.422 913,378 160.26 16.334 333,340 107.96 >1.4901 B 3263
17.044 299,607 17.021 190,382
16.956 43,909 16.935 18,062
black label 16.501 38,076 69.34 16.521 98,901 28.39 =0.5429 B 59.08
17.224 131,469 17.188 52,738
16.794 242 898 16.758 180,366
windhoek light 16.429 1,160,526 241.33 16.285 90,094 205.61 >2.4830 B 14.80
17.054 367,473 17.034 339,661

# Mass of CH3CHO(ng) calculated by first adding the 2 peak areas obtained for the CH3CHO-oxime. Second this value is divided by the FID-
RRF for the CH3CHO-oxime relative to C12 (465.625). Third, this value obtained (CH3CHO-oxime (ng)) is divided by the molar mass of the
CH3CHO-oxime (239g/mol) and then muitiplied by the molar mass of CH3CHO (44g/mol) to give the mass of CH3CHO(ng).

## CH3CHO (ppm) calculated by taking the sum of CH3CHO(ng) of trap 1 and trap 2 and dividing by the volume sampled (100ml). This value

is then divided by the conversion factor (1.8). CH3CHO conversion factor 1ppm=1.8ng/ml.
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Figure 7.1. GC-FID chromatogram of an air sample from a newly-carpeted
laboratory.
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Figure 7.2. GC-FID chromatogram of an air sample from a poorly ventilated office.
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Figure 7.3. GC-FID chromatogram of an air sample from a parking lot.
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Figure 7.6. GC-FID chromatogram of the indoor air of a new car.
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Figure 7.7. GC-FID chromatogram of the indoor air of an 11 year old car.
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Figure 7.8. GC-FID chromatogram of Castle Lager headspace sample.
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CHAPTER 8

CONCLUSION

In-situ derivatisation on silicone rubber traps in order to pre-concentrate volatile aldehydes
was investigated for the first time. Unlike so many other pre-concentration technigues for
determining aldehydes, the silicone rubber trap is inert, rugged, simple and inexpensive.
Recovery is by thermal desorption which (1) removes the need for expensive, toxic solvents
and (2) renders the silicone trap immediately reusable. Thermal degradation of the silicone
rubber resulted in chromatographic peaks, which showed repeatable retention times and
peak heights, throughout the study. No deterioration in the performance of the traps was

observed.

Diffusion tubes and several types of permeation tubes were successfully prepared and
calibrated to provide reliable aldehyde gas standards in the ppm range. A dilution system
was successfully constructed in order to obtain concentrations of HCHO in the ppb range.

Unfortunately, the sampling set-up for the other aldehydes did not prove leak-tight.

PFBHA was selected as the most suitable derivatising reagent for the study. Sample
preparation time was reduced by loading the headspace vapour of the PFBHA directly into
the silicone rubber. This was achieved by packing a glass tube with the pure PFBHA
reagent. The silicone trap was attached to the one end of the PFBHA tube. From the other
end, high purity nitrogen gas was blown through the PFBHA tube towards the silicone trap at
a flow rate of S5ml/min. This method however did not load amounts of PFBHA with high

repeatability.
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The presence of formaldehyde-oxime in the reagent blank, severely restricted our detection
level for HCHO. In a 10 minute collection of PFBHA headspace at a flow rate of Sml/min, 23
ng of HCHO was present. Future work would involve finding a way of trying to clean up the

reagent, thereby lowering HCHO detection limits.

We then set out to demonstrate the efficient pre-concentration of the aldehyde gas standards
using PFBHA in-situ derivatisation on our silicone traps. Two HCHO atmospheres were
sampled over time. Comparison of the amount of HCHO trapped and the amount of HCHO
released by the gas standard indicated a reaction efficiency of 95% for 0.1ppm HCHO and
75% for 5.98ppm HCHO. HCHO could be detected at the 0.1ppm level. This did not meet the
NIOSH Permissible Exposure Limits (PEL) of 0.016ppm. However, the PELs set by the

WHO, ACGIH and OSHA could be detected.

A similar test for the other aldehyde gas standards yielded a 4% reaction efficiency, which
led us to believe there was a leak in our sampling set-up. Since these aldehydes were not
present in the reagent blank, we could determine the minimum detectable concentrations
{s/n = 3) for acetaldehyde, acrolein and crotonai to be 0.035 ppm, 0.057ppm and 0.064ppm
respectively. These concentrations are weil below PELs set by the various health
organisations. In addition, these detectable levels are for a sampling time of only one minute,
as such even lower concentrations will be detectable over longer collection times. These
result clearly illustrate that a lower detection limit for HCHO (having close to 100% reaction

efficiency) is possible, once the HCHO-oxime impurity is removed from the reagent blank.
Back-up trap sampling of the 0.1 ppm HCHO atmosphere at a flow rate of 10ml/min,

indicated no breakthrough of the HCHO-Oxime from the silicone trap after a collection

volume of 3 litres.
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The contents of the silicone rubber was successfully recovered by thermal desorption with
cryogenic focussing. The optimum desorption conditions were determined by desorbing the
C12 internal standard {which elutes off the silicone trap after PFBHA and the HCHO-Oxime)
from the top of the trap. The optimum desorption temperature was found to be 220°C. No
carry-over was detected. In addition, the HCHO-Oxime, PFBHA and C12 peaks displayed

consistent retention times.

The aldehyde-oximes were successfully identified using Mass Spectrometry. Based on
elution temperatures and retention times the oximes could be identified using the FID.

The desorbed analytes were semi-quantitated using the C12 internal standard, which could
be related to the FiD relative response and the Effective Carbon Numbers (ECN) of the
aldehyde-oximes, for which no standards were available. This calculation method gave a

very good indication of the trapped aldehyde amounts.

We also demonstrated in-situ derivatisation on our silicone rubber traps with real gaseous
samples. The results were very promising. Pre-concentration of HCHO from air samples and
acetaldehyde from the headspace of beer was achieved. Loading the PFBHA and sampling
with the portable pump was quick and easy. No supervision during sampling was required.
However, breakthrough and lower reaction efficiencies were observed, differing from our
expectations based on our previous studies using the gas standards. The presence of other
carbonyls in air also reacting with PFBHA, depleted the reagent thereby decreasing the

reaction rate and consequent trapping efficiency. Further work would have to be performed in

order to obtain the ideal sampling conditions.

Qur study has revealed that the silicone rubber trap is a promising pre-concentration device
for in-situ derivatisation. The silicone proved inert and reusable. Loading of derivatising
reagent requires less time and effort, and the sample collection set-up is cheap, convenient

and portable for fieldwork.
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Table 3.1 A comparison of various adsorbents [19,71-75,79,82]

CARBON -~ BASED

SURFACE PORE
ADSQORBENT COMPOSITION AREA DIAMETER APPLICATIONS ADVANTAGES DISDAVANTAGES
(m°/g) (nm)
Activated carbon Coconut/petroleumn based 800-1000 | 2.0/1.8-2.2 | Non-specific i.e. Most organic Cheap, efficient, Polar compounds irreversibly

Anasorb 747

charcoal

and inorganic compounds. Non-
polar, polar, reactive and/or
volatile. Mercury-vapour.

permanent gases not
adsorbed — Hz, N,
0;,CO, CHa.
Anasorb absorbs
less H,0 and
desorption
efficiencies for polar
compounds are

improved.

adsorbed.

Incomplete desorption.

H,O reduces sorption of other
compounds.

Catalytic activity.

Reacts with oxygen or sulphur
derivatives.

Graphitised carbon
black
Carbotraps

Pre-treated carbon black
under vacuum and inert
gas/ reductive atmosphere
at 3000°C

Non-specific, as above.

No irreversible
adsorption sites. No
retention of HoO and
low molecular mass
compounds {COx,
CHa)

High desorption temperatures
{400°C) required.
Tiny particles of carbon can

enter desorption unit.

Carbon molecular | Thermally decomposed Adsorption of hydrocarbons and | High capacity for Inefficient retention of polar
sieves polymer eg. polyvinyl low-boiling C1-C4 small volatile compounds. Solvent with high
Carbosieves chloride hydrocarbons, methyl formate | molecules. heat of adsorption required for

and alkyl mercury compounds.

Suitable for themat

desorption.

displacement of adsorbates.
H20 can block cryotrap.

l XidN3ddV
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INORGANIC

Coacling the sorbent
aliows trapping of
C1-C4 hydrocarbons

Hydrophilicity decreases
sorption capacity.

Thermal desorption difficult.
Silica gel retains H20 and CO»

Thermally desorbed
at 240°C/extract with
ice H0O

Organic compounds are
irreversibly adsorbed excl.
HCHOQ, acrolein and certain S-
compounds. H20 block
cryotrap

POROUS POLYMERS

Tenax has a high
therma! limit 350-
400°C. Ideal for
thermal desorption.

Not suited to solvent extraction
due to low capacity for
volatiles and is incompatible
with many solvent systems.

Silica gel Si-OH groups on surface 100-800 2-4 Palar compounds from air.
Aluminium oxide AlOs Amines, halogens, oxygen
derivatives, organo-metaliics,
MeOH, HCHO and DMF. Silica
gel is often used as a substrate
for coating with derivatising
reagents.
Molecular sieves Zeolites Varied Varied Toxic inorganic compounds.
Small conc. of H25
Tenax 2,8-diphenyl-p-phenylene 19 140 Organic bases, neutral and high
oxide boiling compounds.
Chlorohydrocarbons. Support
for derivatising reagents. Broad
trapping range of compounds of
varied molecular mass and
polarity.
XAD-2 Copolymer of 2,6-diphenyl- 300-400 8.5 Nitroso-compounds and
(Amberlite, p-phenylene oxide in which polychlorinatedbiphenyls,
Chromosorb 102) one moiety is styrene or aromatic, aliphatic nitro-
ethylvinylbenzene and the compounds.
Porapak other monomer a polar 600-650 7.5 Depending on polarity. Non-
vinyl compound. polar to pelar compounds can
Chromosorb101, 50 300-400 be adsorbed. Chromosorbs
103, 104, 106, 108. varied varied adsorb inorganic compounds

XAD's, Porapaks and
Chromosorbs come
in wide ranges of
polarity. Chromosorb
106 greater capacity
than tenax, suited to
thermal desorption.

Polar Porapaks retain H,O and
require great amount of energy
to remove sorbates. Can't
withstand high temp.
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APPENDIX 2

CALCULATION OF GAS CONCENTRATIONS

The gas standard in a dilution system provides a certain concentration of gas. The
concentration, C, with units part-per-million volume/volume (ppm v/v} can be

calculated from the following equation:

C=[f/(f+F)]x10° (1)

Where f is the permeation/diffusion rate with units ml/min. F is the flow rate of the

diluting gas in ml/min. Equation 1 can be simplified, since F >>{, to:

C=(f/F)x10° (2)

The permeation/diffusion rate, however, is usually determined gravimetrically in
ng/min. It is important then to convert mass of gas to volume of gas, using the

following equation:

f=(224/M)x(T/273)x(760/P)xrx10® (3)

The molar gas volume is given as 22.4 L/mol. M, is the molecular mass of the
compound in g/mol. T, is the absolute temperature in Kelvin (K} at which
permeation/diffusion is occuring. P, is the pressure in mm/Hg, at which

permeation/diffusion rate is measured and r, is the permeation/diffusion rate in

ng/min.




vvvvvvvvvvvvvvvvvvvvvv

Equation 3 is substituted into equation 2 resuiting in:
C=(224/M)x(T/273)x(760/P)x(r/F) (4)
At 25°C and atmospheric pressure (760mmHg), equation 4 reduces to:

C =(2445/M)x(r/F) (5)
From equation 4 and 5 it can be seen that the concentration of the standard is

dependant on the diluting gas flow rate. The formaldehyde gas concentration, in an

80°C oven, will be worked out below using equation 4.

M (g/mol}{ T (K){ P (mmHg){r (ng/min)| F (ml/min) {C (ppm v/v)
30 353 760 1.333 10 0.1287

The acetaldehyde concentration at 25°C, is worked out similarly using equation 5.

M (g/mol)| r (ng/min}| F (ml/min){C (ppm viv)
44 40 10 2.218

To convert the units ppm (v/v) for a gas 2, to pg/m® ie. ng/L, the following method can

be used:

ippm(viv)z=1Lz (6)

10° L air
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assuming the ideal gas law is valid under ambient conditions, 25°C and 760mmHg,

then:

1ppm (Viv)z={1L2/22.4)xM(z)x10°pug/g (7)

(10° L) x ( 298K/273K) x 10 m/L
= 40.9 x M (2) ng/m* or ngiL

[1 m®=1000L]

For example, a 1 ppm (v/v) HCHO atmosphere is equivalent to 123 ng/L or 1.23

ng/mil.
With these units of measurement one can easily determine the concentration of the

gas in an atmosphere, and if the collection volume is known, the mass of compound

collected can also be determined.
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APPENDIX 3

PFBHA - ALDEHYDE REACTION SCHEMES

ALDEHYDE + PFBHA _— OXIME
F
Q F cl: F F o F
A\ ~o e He o~ Xy~ Molecular formuia = CyH, F;NO
o+ (l;l (l: e (I:| é Molecular Mass ~ =225.116
= ~
H F/ \?/ \cl:Hz F/ \.Clz/ \?HZ
Formaldehyde F O\NHZ F RN
I
c
H” H
F Molecular formula = C;H;FsNO
| | Molecular Weight = 239.142
] N N NP
A ¢’ ¢ " X
e D DN
= o
o e \c|:/ \?Hz £ \?/ \CI;HZ
F O F
Acetaldehyde NH, ~N
H cisftrans
H SCH,
||: T Molecular formul C.HF.NO
olecular formula =
Q CH; Foo _Col F Fol _Col _F _ 10875
N/ ¢ ¢ " ¢~ ¢~ Molecular Weight = 253,169
o+ 0 s T
— s
H 14 \(i:/ \CI:H2 F/ \c|;/ \?Hz
F o} F o
Propanaldehyde “NH, Y
Ic! cis/trans
H \?Hz
CH,
Molecular formula =C,,H,F;NO
£ ﬁ Molecular Weight = 267.195
ey L L g Fel G _F
\\Cn———CH ~o X " o R
IR DD
= s
H F/ \(ij/ \cl:Hz F/ \CI/ \TH2
Butyraldehyde F O\NH2 F O\N
i cisftrans
c CH,
H” CH, "CH,
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APPENDIX 3
(continued)
Molecular formula = C,, HgF,NO
A F f Molecular Weight =301.211
C—H ‘ NN
F c F H c” TXC
CH—G R
= + Il | PN
/ C. _C NG T CH,
HC CH TN T
\. 7/ 1 Lood -
CH—CH F O ~N cis/trans
NH, I
/C\ /CH
Benzaldehyde H ¢ “cH
HC._ _~CH
~cH
Molecular formula = G,y HF;N O
F F ,
o CH | | Molecular Weight = 251.153
X Vi 2 Fl /cﬁ _F Fnrb _F
c—¢h c c H* c C
) D G i
H e \?4 \CI;H2 £ \?/ \Clin
F 0 F 0
Acrolein “SNH, N
lcl cisftrans
H/ \ﬁH
CH,
Molecular formula = C,, H;F;N O
T Molecular Weight  =265.179
|
Q CH—CH
N/ N N T Nerfxe”
/c—CH + L —_— (I31 /cl:
H PN e, 7 cH,
] [
Crotonaldehyde F “NH ~N  Cisftrans
i I

C._ .CH
™ CH T SCH,
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APPENDIX 4

EI-MASS SPECTRA OF PFBHA ALDEHYDE-OXIMES

of V1S5:PROPANAL.D

Scan 8.9392 min.
]
A. 181 ] ol B, s
2.5E+5
F
2.BE+5 F oM
] ¢
0 1 b F
@ ]
o ),SE+5
o p
c
3 4
K]
T 1
1.PE+5 2 234
1 o 4454 6781 97 117 tl-ts'?'.l '5{5" '||| 253
20 s 81 110 140 170 200 730
5 BE+4- i) Propionaldehyde. (O-pentafucrcbenzyorme. (D or (E)-
) : 95 236
1 42 117 131 195 / 253
] p £
_L/ ] | i l
2. OE + @ttty il sty TRRDY W MR
58 100 15@ 208 258 328
Mass~/Charge
Appendix 4.1. A. Obtained El-Mass spectrum of the propanal-oxime.
B. NiST library El-Mass spectrum of the propanal-oxime.
Scan 9.191 min. of V19:RCROLEIN.D
1.@E+5
181
8.68E+4
8.0E+4
7. BE+4
[+]
o B.8E+4
£
=
B 5.BE+4
=
2
£ 4.2E+4
3.BE+4
2.RE+4
117 181 238
t.ee+4] 42
P B! w7 ™~ 195 221 ’
B.0E+D ...uu.._.._..h.lr;JJ .Li " I.' .1414..11’L'L " |... ']. ——— —r e
6@ BB 1@@ 120 14@ 169 188 208 220 240 260 288
Mass-Charge

Appendix 4.2. Obtained El-Mass spectrum of acrolein-oxime.
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Scan 11.273 min.

of VIS:BUTANAL.D
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Appendix 4.3. Obtained El-Mass spectrum of butanal-oxime.
Scan 12.845 min. of VI3:CROTONAL.D
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Appendix 4.4. Obtained El-Mass spectrum of crotonal-oxime.
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Scan 21.P88 min. of VI9:BEMNZARIL..D
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Appendix 4.5. Obtained El-Mass spectrum of the benzaldehyde-oxime.
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