Developing a Reliable Method for Airborne Aldehydes
Monitoring in Confined Spaces in Polluted
Environments

Jeanine Williams

Submitted in accordance with the requirements for the degree of
Doctor of Philosophy

The University of Leeds
School of Miemical and Process Engineering

November2019






ii
Declaration

The candidate confins that the work submitted fer own, except where work which

has formed part of jointhauthored publications has been included. The contribution of
the candidate and tle¢her authors to this work has been explicitly indicated below. The
candidate confirms that appropriate credit has been given within the thesis where
reference has been made to the work of others.

Publications

J. Williams,H. Li, A.B. Ross, S.P. Hargreas; Quantification of the influence of NO

NO and CO gases on the determination of formaldehyde and acetaldehyde using the
DNPH method as applied to polluted environmgAtsnospheric Environment, Volume

218, 2019Nttps://doi.org/10.1016/].atmosenv.2019.117019

Research produced for the article appears in Chapter 4. The candidate performed all the
experiments, analysis and write Ip. Li, Dr. Ross and Dr. Hargreaves contributed with
commentsguidance and proof reading.

This copy has been supplied on the understanding that it is copyright material and that no
quotation from the thesis may be published without proper acknowledgement.

The right ofJeanine Williamdo be identified as Authaof this work has been asserted
by herin accordance with the Copyright, Designs and Patents Act 1988.

© 2019The University of Leeds antkanine Williams


https://doi.org/10.1016/j.atmosenv.2019.117019

\Y
Acknowledgements

| would like to thank my supervisors Dr Hii andDr Andrew Rosdor their continue
guidanceand helpful discussionghroughout the research project. | appreciate all the
support and encouragement you have given over the ylaaseived generous financial
support from 4Rail Services Ltd (Dr Simon Hargreavéisat made this projecigsible,

for which | am grateful.

Speciatthanks to Karine Alves Thorne, Ed Woodhouse and Gurdev Bhogal for their help
in setting up equipment and training me, as wethas assistance with the safety aspects
of the experiments. | would like to thankoP Paul Williamsand Dr Adrian Cunlifffor
allowing me access to the equipment in their laboratories to complete the research.

To my fellow student researchers, in particular Iram Razaqg, Julius Gane and Aaron
Brown, for making the process more bearalylptoviding plenty of distraction and even
more supportl would also like to express my appreciation to Jason Ferns for his help and
company at Neville Hill, and to Jamie Pugh for allowing me to perform the measusement
on site at Neville Hill.

To my parats, family and friends back home, thank you for your losepportand
prayers.

Finally I would like to thank my husbandlbie, and my daughter, Alexis, who sacrificed
so much, so that | could pursue my dream.

This work is dedicated to Albie and Alexis.



\Y

Abstract

Airborne aldehydes are measured by drawing a volume of air through a cartridge
containing silica coated with 2dinitrophenylhydrazine (DNPH), which is eluted with a
solvent and analysed using high performance liquid chromatography with €sfidat

The method cannot measure acrolein, and suffers from interferences from ozone and
nitrogen dioxide, making sampling difficult in polluted environments. Using this method
to measure the aldehydes in the London Underground maintenance sites, \where th

exhaust emissions are high, the method failed to deliver results.

The aim of the thesis was to fully understand the limitations of using the DNPH method
in a polluted environment, and to develop an improved measurement method. It was
found that the DNPHot only suffers from interference from ozone and nitrogen dioxide,
but carbon monoxide also causes interference and destroys the DNPH. The destruction
of the DNPH by NG@, CO and ozone was quantified and an equation for the calculation
of the amount of DNR required for sampling of aldehydes in a polluted environment

was proposed.

Based on these findings, several other derivatisation reagemisti@®xybenzothiazolin

2-one hydrazine (MBTH), 2,3,4,5fentafluorophenyl hydrazine (PFPH)(23,4,5,6
pentafuorobenzyl)hydroxylamine  (PFBHA), -d@phenylacetyl,3-indandioinel-
hydrazine (DAIH), 4hydrazinobenzoic acid (HBA)), were evaluated in the presence of
NO, NG and CO. The evaluation of alternative derivatisation reagents resulted in the
identification d PFBHA to be the superior alternative to DNPH due to its low reactivity
towards NQ, NO and CO. A method using PFBHA as the derivatisation reagent was
developed, using silica gel coated with hydroquinone as the sorbent material. The new
method has a 100 #hethod recovery as well as collection efficiencies above 90 % for
all three of the aldehydes.

The LOD for formaldehyde, acetaldehyde and acrolein were determined to be 2.40, 6.49,

and 2.7/, respectively, when sampling at 1.0 L/min for 8 hours. The concentrations

of these aldehydes were measured at a train maintenance depot. The results were
compared to those obtained using the DNPH method. The DNPH method underestimated
the aldehyde awentrations by between 1893 %, depending on the concentratafn

NO., and CO present. A reliable method for the measurement of airborne aldehydes in

polluted environments was developed.
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Chapter 1
Introduction and background

1.1 Aldehydes and their occurrence

Carbonyls are partially oxygenated organic compounds, and aldehydes have the carbonyl
functional group inhe terminal position, as shown kigure 1.1. R could represent
hydrogen (formaldehyde), an alkyl group or an aromatic drdegrmaldehyde is the

most abundant atmospheric aldehyde, followed by acetaldehyde

0]

H )L R
Aldehyde
)OL O O
H H H)LCH3 H)v
Formaldehyde Acetaldehyde Acrolein

Figure 1.1: Structure of aldehydes

Short term exposure to formaldehyde, acetaldehyde or acrolein causes irritation of the
eyes, skin and the upper respiratory tract, resulting in symptoms such as nausea,
headaches and coughigxposure to high concentrations of these compounds causes
injury to the lungs and other orgadscrolein is highly toxic, and at levels as low as 23
mg/nme, exposure could be fataFormaldehyde, acetaldehyde and acrolein, as well as
othea low-molecularmass aldehydes, are suspected to be carcinogenic and mutagenic.
Aldehydes are also a major cause of unpleasant odours in polluted envirénments
Aldehydes have an effect on the environment ag #re precursors of oxidants such as
ozone, peroxyacyl nitrates, and other photochemical air pollftants

Airborne aldehydes are emitted through biogenic and-mmate processes, although
natural sources of aldehydes are not an important contributor to air pdllution

Formaldehyde is one of the carbonyl compounds formed on thermal decomposition of
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cellulose which occur during forest fires and burning of wood in kbotg ovens. In
indoor environmentsthe primary sources of formaldehyde are building materials and
wood-based furniture, construction materials, floor coverings,-toeaaldehyde spray

foam and mineral wood insulation, preservatives in museums and disinfectants in medical
laboratorie® °. Acetaldehyde is a byroduct of the alcoholic fermentation procedhe

major source of acrolein is through emissions from incomplete combustion processes
such as wood burning and engine emissfordehydes are secondary pollutants as a
result of photo oxidation of ggshase hydrocarbofs®.

1.2  Air quality and Health and Safety legislation

The Air Quality Standards Regulations 2010, as made by the Department of Environment
Food and Rurahffairs (DEFRA), for ambient air, states that certain levels of pollutants

in the autdoor environment should not be exceeded either annually or daily for the health
of humans. These are tabulated Tiable 1.1 and compared to exposure limits for
workplaces in the UK (HSEJ, EU (Scientific Committee on Occupational Exposure
Limits - SCOEL)* and USA (Occupational Safety and Health Administration
OSHA)®. The WELs are set to protect the health of the worker by setting a maximum
concentration of hazardous substances in indoor air over-avinghted average (TWA),

normally eight hours.

While there are no limits set faldehydes in the ambient Air Quality Standards
Regulations, strict limits have been set by the various governing bodies in the UK, Europe
and the United States of America for workplace exposure. This is in sharp contrast to the
limits for pollutants suchsacarbon monoxide, and nitrogen oxides, where the air quality
limits are an order of magnitude lower than the workplace limits. Formaldehyde is the
only aldehyde that is monitored for air quality purposes, as it is an ozone precursor
substance, and thereéocontributes to higher ground ozone levels. A large contributing
factor to air pollution and the increased levels of these pollutants is the use of vehicle
engines. Diesel engine exhaust gases are composed of about 67 % nitrogen, 12 % carbon
dioxide, 11% water, 9 % oxygen and 1 % polluting gases called diesel engine exhaust
emissions (DEEE). DEEE is made up of 1.5 g/kWh carbon monoxide, 0.4 g/kWh oxides
of nitrogen (NQ), oxides of sulphur (S, and 0.13 g/kWh total volatile organic
compounds (VOCSs) wvith include aldehydé&
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Table 1.1: Comparison of Air quality limits with workplace exposure limits

mg/m?

Substance Ambient Air UK HSE?®3 OSHA® SCOEL™

Quality> " TEa STEP | LTE® STE® | LTE® STE®
Acetaldehyde - 37 92 366 - - -
Acrolein - 005 012 | 0.8 07 | 005 0.12
Formaldehyde Monitored 2.5 2.5 0.94 25 0.25 0.5
co 10° 23 117 40 230 | 23 115
O3 0.1% - 0.4 0.2 0.6 - -
NO> 0.2 096 1.91 9.4 1.9 0.9 1.9
NO 37 2.5 - 31 - 2.5 -

aLTE 1 Longterm exposure (8 hour TWA reference period)

bSTET Shot-term exposure (15 minute reference period)

¢8 hour daily mean

48 hour daily mean, not to be exceeded more than 25 days per calendar year averaged over three years
€1 hour average, not to be exceeded more than 18 times a calendar year

f Does not applyo underground, mining and tunnelling industries until 21/8/23

The concentration of the gases in DEEE will be influenced by the type of engine,
maintenance of the engine, the fuel used, the workload of the engine, and the engine
temperatur¥. Gas turbine engines also emit aldehydes, specifically formaldehyde,
acetaldehyde and acrolein, witbrinaldehyde emissions up to three times higher at idle
than at full powe¥. Using a gago-liquid (GTL) fuel resulted in a reduction in the
aldehyde emission levels from gas turbine endgfhéddehyde concentrations in DEEE

have also been shown to be dependent on the biodiesel content i.e. the type and blend
concentratioff2* with fossil fuel based diesel.

The engine emissions from road vehicles are regulated by the European Union (Euro 1 to
Euro 6), which aims to reduce the levels of nitrogen oxides, carbon monoxide,
hydrocarbons and particulate matter frondrtiansport to improve the air quality. These
standards do not make provision for the direct aldehyde emissions, which form part of
Internal Combustion Engine (ICE) emissibhsilthough the total hydrocarbon emission
limit does include aldehydes. It is worth noting that all modern road vehicles are equipped
with exhaust aftert@ment systems, including TWC (Three Way Catalyst), DOC (Diesel
Oxidation Catalyst), DPF (Diesel Particle Filter) and SCR (Selective Catalytic Reduction)

etc., which can reduce those harmful emissions to very low levels.
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Off-road engines such as dieselygoed trains and construction machines have separate
emission regulations to on road cars and light duty trucks as set by the EU (Etixo |
Similarly to road vehicles, neroad engine emission standards were also introduced
through a tiered approach wever, it lagged behind the road vehicle standards by at least
5 years. Initially the standards did not include ship, railway locomotives, and aircraft
engines and generating sets. The standards were set for CO, hydrocarbpasdNO
particulate matter erssions. In 2006, railroad locomotives and inland waterway vessel
engines were included in the Euro Il standard, but was only applicable to new engines.
Euro V, which came into effect in 2019, widened the scope of regulated engines to include
most offroad engines, and also adopted a particle number (PN) emission limit for certain
categories of compressed ignition (Cl) engines. Measures being considered for future
standards and lowering of emissions is the retrofitting of emission control devices in

existing inruse norroad engines.

In certain workplace environments, such as mines, train and bus depots, diesel engines
and generators (nenmwad engines) are regularly running in confined spaces, with the
workers being exposed to thecamulated emissions, which are known sources of
aldehyde emissiohé Theaccumulation of the aldehydes in these confined spaces is of

particular concern to the health of the workers at these sites.

Exposure to engine exhaust emissions, which would include the aldehydes, can occur in
the workplace where diesel operated heavyhmes and vehicles are utilised, or in
tunnels or construction sites where diesel operated stationary power sources re used
Formaldehye, acetaldehyde and acrolein are included in the list of substances with
Workplace Exposure Limits (WEE) set by the UK Health and Safety Executive (HSE).
Since there is a risk of exposure in these DEEE environments, it is necessary to monitor

the personal exposure of workers to aldehydes in the workplace.

Although aldehyde erasions from diesel engines are not specifically regulated, several
aldehydes do have WELs. The UK HSE requires that exposure to all substances that are
hazardous to human health be prevented or adequately controlled in an indoor or confined
environment. lalso requires that employers assess the health and safety risks to workers,
which would include the measurement of aldehydes in the environment. These results
will indicate the necessity to take action to control the levels of aldehydes in the

workplacé’.



1.3 The measurement of formaldehyde and other aldehydes

The UK HSE recommenda method MDHS 102 Aldehydes in air, 200 for the
measurement of aldehydes. The method makes use of a cartridge containing a sorbent,
usually silica gel, which isoated with 2,4dinitrophenyl hydrazine (DNPH) to capture
and derivatise the aldehydésigure 1.2). The aldehydd®NPH derivatives are eluted
from the cartridge with acetonitril@and analysed using high performance liquid
chromatography (HPLC) with ultraviolet (UV) detection. The DNPH method is used for
the measurement of formaldehyde, acetaldehydgropionaldehyde, acetone,
butyraldehyde, valeraldehyde, isovaleraldehyde, hexanal, benzaldehyde, 2,5
dimethylbenzaldehyde,-om-, and ptolualdehyde and glutaraldehydeThe method
cannot be used for the measurement of acrolein and crotonald&tamgozone and
nitrogen dioxide interfere with the methdd Ozone is removed using a cartridge
containing potassium iodide, which is placed before the DNPH cartridge during

sampling®.
R
NO,
H
N /
N H
NO, O,N
0 H E-aldehyde-DNPH
No u + H,0
i, - w L -
H R H
Aldehyde O,N NO,
H
DNPH N\N/ N
O,N

Z-aldehyde-DNPH

Figure 1.2: Reaction of aldehydes with DNPI®

Both NIOSH (National Institute for Occupational Safety and Health) and OSHA, in the
USA, recommend an alternative method for the measurement of acrolein dsing 2
(hydroxyimethyl)piperadine (HMP) as the derivatisation reagent on XA&Collowed

by analysis with gas chromatography and a nitrogen phosphorous detecthiP@
31



1.4  Background and Industrial request

The London Underground maintenance sites are mobile sites that move along the train
tracks as they are being repaired or replaced. All the equipment required for maintenance
is brought to the site, and is removed afterwards. The electrical supply to theequip
comes from diesel engines and generators. These maintenance sites are classified as

confined spaces.

AConfined spaced0 means any pl ace, i ncludin
trench, pipe, sewer, flue, well or other similar space in which, hyeviof its

confined nature, there arises a reasonably foreseeable specifiedCSINFINED

SPACES REGULATIONS 1997

The risk in the London Underground maintenance site is the loss of consciousness or
asphyxiation arising from exposure to diesel engine exhaust emissions. This risk is
mitigated with the use of temporary fan installations aibsk sites. No sunlight reaches

the tunnels, therefore, no secondary reactions and pollutants are expected.

During maintenance work on the train tracks in the London Underground the NO, NO
and CO are monitored. Despite measures put in place to comreirission of NO and

NO2 from the engines, and thereby maintaining levels of thedé®es below the WELSs,

there are still health complaints from the workers which include the irritation of the eyes,
nasal passages and throat. Another reason for the hegl#ttt could be due to the
presence of aldehydes, as minor components of the diesel engine emissions, since these
compounds also cause these types of symptoms on exposidesl 8ervices Ltd
attempted to measure the concentration of these aldehydeshesibiNPH method as
recommended by the HSE. However, no results were obtained as the HPLC
chromatogram contained no peaks of DNPH or the aldeby¢feH derivatives. Another
method, colorimetric MBTH (2nethoxybenzothiazoli#2-one hydrazine), was used to
measure the formaldehyde concentrations, however, no sensible result could be obtained

from this analysis method either.

The University of Leeds was approached to investigate the limitations of the DNPH
method in diesel engine emission environments in cothBpaces, and thereafter develop
a method for sampling and analysis of formaldehyde, acetaldehyde and acrolein in air to

determine the personal exposure of workers, in these environments.



1.5 Research questions

The use of the DNPH method to measure the aldehyd the London Underground
maintenance sites failed to produce results. Previous research on the DNPH method found
that ozone and Nfnterfere with formaldehyde quantification through chromatographic
interferencé>® and destruction of the DNPE®. No research has quantified the
destruction of the DNPH by NCand ozone, or investigated whether any of the other
DEEE gases interfere with the aldehyde quantification in the same way. Furthermore,
very little information is available on the influence the DEEE gases, especially CO, an
important pollutant, have on theptare and retention of the aldehydes during sampling.

Alternative derivatisation reagents have been evaluated for use in the measurement of
aldehydes. A few of the derivatisation reagents react with &fd ozone to form the

same reaction product with botases, thereby simplifying the chromatographic
separation of the interference from the aldehgegvative4®+2. Similarly to the DNPH
research, the destruction tife derivatisation reagents by dN@nd Q has not been
quantified, and very little information exists on the reaction of these derivatisation
reagents with other DEEE gases. In addition, a few of the derivatisation reagents were
chosen because of the faxtion of a stable derivative with acrolein.

The research questions that need to be answered are:

1 What are the key parameters affecting the reliable and efficient measurement of
aldehydes by DNPH in a polluted environment?

1 How do these parameters affect frerformance of the derivatisation reagents
during the measurement of the aldehydes?

1 Could alternative derivatisation reagents and analysis methods be used to develop

a more reliable, robust and portable method for aldehyde monitoring?

1.6  Aims and objectives

The overall aim of this thesis is to identify the limitations of the existing DNPH method
and develop a reliable, portable and cost effective method for the sampling and analysis
of formaldehyde, acetaldehyde and acrolein in confined polluted spaces cahidie

widely used in any polluted environment.

To address the overall aim of the study, the following objectives were set:
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9 Identify the limitations and interferences on the DNPH method in a polluted
environment, and determine the impact on the quartidicaf the aldehydes.

1 Evaluate other derivatisation reagents available and how these are affected by the
identified interferences of the DNPH method.

1 Screen and choose a method, and develop the sampling and quantification
methods.

1 Testthe robustness aadcuracy of the newly developed method in simulated and
realworld environments and compare the results with those obtained with the
DNPH method.

The final method proposed should be easy to use in terms of cartridge preparation,
sampling, sample preparaticand analysis. The method should be robust, and have
minimal interferences from the polluted environment. Lastly, the method should be

affordable to implement, as compared to the DNPH method.

1.7 Thesis outline

Chapter 2addresses the first two objectives in part by giving an overview of the DNPH
method and the known limitations and how alternative derivatisation reagents were
chosen to deal with some of these limitations. It also gives a brief overview bfdéle

measurements performed on-gihbe emissions and DEEE environments.

The materials and standards used in this study are descriGéeter 3 The details of
the instruments and the analysis methods are given alongwjtick overview on the
principles of the analysis techniques and validation process. The experimental methods

used for this study is also described in this chapter.

In Chapter 4the limitations of the DNPH method are evaluat€te first part of the
chapter focusses on the chromatographic interferences and problems of the DNPH
method with acrolein, ozone and B@nd identifies new interferences that have not been
identified previously. The major DEEE gases (NO,.N@d CO) wee investigated on

how they affect the sampling of the aldehydes using a cartridge coated with DNPH.
Finally, the destruction of the DNPH by NO, hénd CO is quantified, and how this
impacts on the capacity of the cartridge. The cost involved to increassatnpling

capacity is calculated. This chapter focusses on the first objective of the thesis.
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Chapter taddresses objective two by evaluating the alternative derivatisation reagents in
the presence of NO, NCGand CO. The devatisation reagents were chosen based on
criteria set, and what is known from the literature, as will be described ineCRaplso,

the reaction okach of the derivatisation reagents with acrolein is examined. In addition,
the oxidation of the aldehyddo the corresponding carboxylic acids is evaluated as an

alternative to using a derivatisation reagent.

Chapter 6describes the method development process undertaken, which addresses the
third objective. The method development includes the assessment of various sorbents for
the sampling of the aldehydes and a suitable derivatisation reagent is chosénalThe

met hoddbs performance parameters are dete

cartridge, before and after sampling, is assessed.

Chapter 7focusses on the final objective, testing the robustness and accurdoy of
method in a polluted environment. A simulated polluted environment was generated in
the laboratory for these tests. Finally, the method was applied to the sampling of the
aldehydes in Neville Hill depot, a train maintenance site in Leeds. The resris w
compared to the results obtained from the DNPH method, which was sampled

simultaneously with the new method.

Chapter 8concludes the thesis, where it reviewbether research questions were
answered and if the objectives were met. Further research into certain parts of the thesis

is recommended, where further improvements of the method could be made.
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Chapter 2
Liter ature Review

21 Introduction

The literature review starts with an overview of aldehydes in DEEE, with a summary of
the type of aldehydes and typical concentrations found ipitadl emissions and diesel
engines environments. Next, the problems encounterédtiie DNPH method will be
reviewed, and their relevance to the current problem will be analysed. The focus will be
on interferences from diesel engine emission components such as nitrogen dioxide,
nitrogen oxide, and possibly other gases as well as cgdibaxids and VOCs and the
levels at which these interferences may occur. Also, any remedies for these interferences
will be assessed. Lastly, the development of various alternative derivatisation methods
for the trace analysis of aldehydes will be revaewThese alternative methods will be
evaluated based on i nformati on on t he
interferences from engine exhaust emission gases and any other compounds such as
ozone, the reactivity of the reagent with the aldehyd&sterest, as well as commercial

availability and cost.

2.2  Aldehyde levels in diesel engine emissions

Aldehydes are components of DEEE along with carbon dioxide}C€arbon monoxide

(CO), and oxides of nitrogen (NQ?°. Aldehydes are formed by partial oxidation of
hydrocarbons during combustion in an engjifée optimum diesel should have a high
cetane number for an easy ignition (short ignition delay), an appropriate density and a
low aromatic contenthich will improve the completeness of combustion and thereby
decreases the amount of aldehydes emitted from the éngireecomposition of engine
emissions may also vary depending on the maintenance of the engine and the state of
engine tuning, as well as the fuel pump sett@igThese factors affectetfuel to air ratio

of the engine and therefore the level of combustion that takes place in the engine.

There are claims that there is a relationship between biodiesel content and aldehyde
emission& 22324 Taple 2.1 shows the concentrations and emission factors from the
tailpipe of vehicles and stationary industrial engines. Several biofuels at varying levels
were used in the engines, however, no clear trend is seen. The use ofHiepkeh

fuels seem to re#fuin lower aldehyde emissiotis The industrial engines and generators
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gave results that are higher than the WELSs set for formaldehyde and acrolein, however
these concentrations are diluted after being emitted into the atmosphestedy
peformed by Zarante et &t showed acetaldehyde emission concentrations from a
generator diesel engine that were considerably higher than other industrial engines.
Although formaldehyde was detected in the sample, theslewere too low for
guantification using gas chromatography with aniégionisation detector (GEID) as

thesedetectors have a lower sensitivity for formaldehyde.

The results reported in literature on the concentrations of aldehydes present in ambient
air in diesel engine operating environments are summarisedable 2.1. The
concentrations of the aldehydes reported in ambient air in diesel engine enviament

well below the WELSs foformaldehyde (2.5mg/fhand acetaldehyde 73ng/n¥). In the
instances where the concentration of acrolein was measured, these were also below the
WEL (0.05 mg/m), though the measurements taken in a bus station in Salvador, Brazil,

showed that the concentrations were almost three times th®.limit



Table 2.1: Occurrence of aldehydes in diesel engine tailpipe emissions
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Aldehyde
Engine conditions Fuel Aftertreatment Method Other concentrations Units y - Ref.
system Formaldehyde Acetaldehyde Acrolein

Naturally aspirated
single-cylinder optical ! GC-TCD? Mole 2 46
Cl engine (Bore x n-heptane None GC-FID - 0.01+0.018 0.01 0.003
Stroke: 92 x 100 mm)
8.9 L, turbocharged BP no. 2 ULSD
diesel engine, charge ait fuel with 6 ppm DOC, SCR, DPF DNPH mg/bhp.hr <LOD®-7.46  <LOD-2.59 - 4
cooled sulphur
Mitsubishi pickup truck, \?vig:te; ] (N ONPH qbhpsh 115152 5.6-7.7 0.3-1.5 48
2.84 L diesel engine as d gPnPM g0-115 4.4-12.2 0.5-0.9

biodiesel (20%)
Tractor USEPA 2010 NH
emissions compliant TWC, DPF, SCR DNPH 8 mil mg/mile  7.88-12.95 1.52-255 - 49
diesel 0.04- 2.20 g/mile

100 %Diesel 0.488 0.491 0.347

. . 30 % UFOME 0.731 0.714 0.58¢ 50

Euro4compl|antvemcleso%AFME DOC DNPH mg/km 0.627 0.646 0.503

30 % SMEP 0.604 0.676 0.490"

. CO (g/km) NQ (g/km)

Diesd 8.4 4
1.9 L Euro 3 passenger FischerTropsch A DOC DNPH 032 0.39 mg/km 2.7 0.8 - 43
car diesel engine FischerTronsch B 0.1 0.40 12 0.6

P 0075 041 : '
Various gasoline and Various to
diesel fuelled cars, comply with DNPH mg/km 1.120-7.805 1.117-5.570  0.065-0.676 <2
conformed to Euro 3 Euro 3
. . Diesel A

Commins4B diesel . COT 17 102 g/kW h 70-100 70-200 - 24
engine Ethanol with ™we DNPH — Noro.ai 23gkwh  MIKWR 35 100 100- 300 :

Biodiesel blend

Diesel, tetralin,
53[.cmnmonramfour decalin, R _ None MultiGas mg/n? 25.195 18-155 i 3
cylinder diesel engie dodecane, iso Analyzer

dodecane
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Aldehyde
Engine conditions Fuel Aftertreatment Method Other concentrations Units Ref.
system Formaldehyde Acetaldehyde Acrolein
M790 Agrale diesel Diesel None DNPH mg/n? 1.47 2.1 2.71 7.1 0.67 1.2 22
engine, DI
. . BDO 16- 34 0.2-0.45 1.0-2.7
égggﬁ ?T'fse' engineat  pps None DNPH mgim?  12-33 0.1-0.55 0.55-15 52
P BD100 10- 19 0.05- 0.9 0.2-0.5
Stationary, direct gfsstilr oil 155
injection, Cl engine biodiesel blend None GC-FID mg/m? - 149 - a4
(1800 rpm) (35%)
BO 51 22,5 0.07
B2 7.8 20.7 0.28
Diesel engine Agrale 29 oo el UES,
model M85, 10 HP, 180( g;g None DNPH mg/n? Z;g ﬁg 823 2L
pm B50 4.8 7.3 0.33
B75 54 16.5 0.58
B100 6.3 14.6 0.51
Cummins4B diesel Diesel 1.46-2.74 1.57-4.19
. . . = . . = . _ 54
engine, 1800 rpm Z‘ggé?i%n%tham" None DNPH mg/mt g7 225 2.01-5.16
DI, heavyduty diesel Pure diesel Euro Il DNPH CO 1.67i 1.82 g/kW h ma/né 0.75 25 0.2 55
engine 15 % Ethanol compliant NOx 6.0471 6.55 g/kW h g 0.75 3.0 0.3
DieseHuelled car None specified ~ MNBDH¥ mg/m? 2.6 0.5 - 4
Production vehicle with
5.8L V-8 diesel engine,
cold start 56
A Exhaust g None DNPH mg/m? 0.71 0.24 -
recirculation 0.88 0.33 i

A Without r

aGC-TCD1 Gas chromatography with thermal conductivity detector
bULSD1 Ultra-low sulphur diesel

¢LOD i Limit of detection

dUSEPAI United States Environmental Protection Agency

¢UFOMET Used frying d methyl ester
fAFME i Animal Fat Methyl Ester

"DI'i Direct injection

IBD i Biodiesel

9 SMEPi Soybean oil Methyl Esters blended with Palm ¢ ¥ MNBDH i N-Methyl-4-hydrazine7-nitrobenzofuraz

" acetone included in result
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Table 2.2: Occurrence of aldehydes in a diesel engine emission environment

. . Aldeh 3
Place Environment Pollution levels Measurement dehyde (ry/n) , Ref.
Method Formaldehyde Acetaldehyde Acrolein
Rural Refinery, chemical industry, 0.8-52.7 <LOD-11.0 <LOD-43.7
Spain Urban power plants and coal mine DNPH 1.1-65.5 0.6-8.3 <LOD- 16.% 2
Industrial (NOz - 1.0- 29.3ny/n¥) 0.9-48.3 0.3-13.3 <LOD-11.3
North-western China Restaurants - DNPH 11.0- 66.5 15.9-78.3 - 58
. . . MBTH solution 59
Ningbo, China Subway station with LC-MS/MSP 0-55 - -
Hong Kong Rural and urban None mentioned, higherin 5y 1.7-8.3 0.8-4.1 <LOD 60
urban area than rural
Ozone- 10- 55 ppb . .
] : o= Chromotropic <LOD7i 37.5 i 61
Tehran, Iran High traffic areas NO, - 25- 75 ppb acid method <LOD i 41.25
CO-2.2-6 ppb
'g"fat;ﬁpo"ta” Area of Sao Paulc 1. ¢ic el LDVs® and HDV$ DNPH 57 17.5 9.2i 25.6 - 62
Kumamoto, Japan City centre 2,4pentanedione 1.37 40.6 - - &
Salvador, Brazil Bus station Mainly diesel busses DNPH 115.0 150.6 148.7 45
!_'I(_)Fr:gGeﬁZ?iﬁin station Commercial LPG-fuelled taxi emission 11.1 6.4
. ming Car park Gasolinefuelled LDV emission 7.5 3.6
- University car park Residential iesetfuelled minib o 220 85
- Minibus station esidentia Dieselfuelled minibusemission DNPH . . i o
. Residential Doubledeck bus diesel 5.3 2.4
- Bus Depot station . -
; Roadside emission 22.7 6.0
- Roadside . .
o : Mixed vehicle types
monitoring station
Chiba City, Japan Air Monitoring Station  Ozone 11 61 ng/m? DNPH 2.4-3.8 2.1-3.9 - 65
Fluminense Federal University, . gcial residential DNPH 0.28-8.84 2.90-13.25 <LOD-0.52
Niteréi City, Brazil
Kaohsiung city, Taiwan DNPH 9.52-39.40 7.14- 26.90 - 67
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Place Environment Pollution levels Measurement Aldehyde (mg/m’) - Ref.
Method Formaldehyde Acetaldehyde Acrolein
Guiyang city, China Roadside DNPH 1.5-35 1.6-15 - o8
Guangzhou, China Roadside DNPH 0.18-21.4 0.17-43.3 <LOD-1.33 69
Shanghai China Subway stations PFPH 13.5- 35.6 6.64- 24.7 <LOD-1.27 (O
powrtiown Rio de Janeiro, - Roadside ggo'ncgsg_'l%fg_zppmpb DNPH 124-1902  67-602 - n
Guangzhou, China Roadside DNPH 4.61-24.7 4.81-23.6 <LOD -0.41 &
An San, South Korea #}:jbuf"sqrﬁarlefo%:g)‘:”d'”‘ DNPH 2.71 52.8 10.91 856 3.4 73
Salvador, Brazil Charcoal plants DNPH 15-160 38-284 <LOD =
Ambient 10 20
Beijing, China Roadside DNPH 40 30 - s
Subway 5-15 10- 20
g':;gﬁ‘ district, Rio de Jai®, 00 ercial DNPH 95- 270 12-55 - 76
sin i Tunne, Hongong T2 el e onew - BE8 "
Gulf of Campeche, Mexico Semiurban DNPH 2.51 325 11.01 45.8 - &
Downtown Santiago, Chile Urban DNPH 1.57 6.5 1.371 5.9 - IS
Beijing, China Urban DNPH 4-26 6-17 - EU
Beirut, Lebanon Urban CO-1.1-3.0 ppmv DNPH 0.87 15.3 0.771 9.5 - 81
Hong Kong Urban DNPH 7-13 8-125 - 52
Salvador, Brazil Bus station DNPH 38.87 95.0 16.17 29.3 - 83

aacetone included in result

bLC-MS/MS' Liquid chromatography tandem mass spectrometry

¢LDV i Light duty vehicle

dHDV i Heavy duty vehicle
¢LPGi Liquefied petroleum gas
fPFPHI 2,3,4,5,6Pentafluorophenyl hydrazé
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2.3 Measurement methods

There are various analytical techniques that could be used for the measurement of
aldehydes in air, which include spectroscopic, wet chemical and derivatisation rifethods

8 Spectroscopic methods have been used for the measurement of aldehydes, however,
these methods usually require long optical paths, which make application in routine
environment unsuitatfié These methods are also subject to interferences from water
vapour, ozone and nitrogen dioxfdeSpectroscopic methods include Foutransform

infrared spectroscopy (FTIR), tuneable diode laser spectroscopy (TDLS), differential
optical absorption spectroscopy (DOAS), selected ion flow tube mass spectrometry
(SIFT-MS), and laserinduced fluorescence spectroscopy (LIFS). Pratansfer

reaction mass spectrometry (PME) has been applied to the analysis of indoor and
outdoor aldehydes, with reported detection limits as low as 206, pfawever, the
method was reported to be less sensitive to formaldehyde than other carbonyl compounds
due to the loss of protated formaldehyde from the reaction with water in a humid
environmerf®. These speascopic methods cannot be used for personal monitoring,
only for fixed place monitoring, because they are not portable instruments. Spectroscopic
instrumentation is also expensive compared to other techniques, and require access to

electricity, which is Iimited in places like the London Underground maintenance sites.

Wet chemical methods makes use of derivatisation reagents such as chromotropic acid,
acetylacetone, pararosaniline, DNPH and MBTH in solution, which are placed in
impingers, and the sample dasbbled through the liquid where the aldehydes react with
the derivatisation reagents. The UV active compounds in the solution are then analysed
using UV. The chromotropic method is selective only for formaldehyde, and is subject to
interferences from polromatic hydrocarbons (PAHS), phenols as well as strong
oxidisers. Pararosaniline reacts with formaldehyde to form a magenta colour in the
presence of sodium sulphite. The intermediate product reacts wihhoSOrm the
chromophore with a UV absorbance at 570 nm. However, a toxic mercury reagent is
required to eliminate the sulphite formed from atmospherige $ese methods require
small impingers with liquids to be worn, which could break when a worker is performing

a highly physical task. This introduces a risk of exposure to more chemicateaied

the method less desirable for use for personal sampling.
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Sampling using cartridgesontaining a sorbent materit capture and concentrate the
analytes is a more practical approach for the personal monitoring environment. Sampling
is made portableypmaking use of (plastic) cartridges, which are small and-ighght,
andare clipped to the collar of the worker, close to the breathing space. A small sampling

pump is clipped to the belt of the worker and connected to the cartridge using a pipe.

The incorporation of a derivatisation step in the sample preparation for analysis of an
analyte is done for various reasons, including to increase the selectivity of the method for
a particular analyte, enhancement of tharrstability of the analyte, oo atach a
selective label for detection by a specific deté€tdDerivatisation of an analyte can
improve sensitivity of the analysis methtor the particular analyte by several orders of
magnitude. Drawbacks of using a derivatisation reagent is that it adds another step to the
method, which increases the possibility of an analytical error, increasing the uncertainty
of the result. A derivadation reagent could also react with the matrix components,

introducing new possible interferences.

A frequently used method using Zj#hitrophenylhydrazine (DNPH) is recommended by

the Health and Safety Executive for the monitoring of formaldehydealdebt/de,
propionaldehyde, acetone, butyraldehyde, valeraldehyde, isovaleraldehyde, hexanal,
benzaldehyde, 2.8imethylbenzaldehyde, -0 m, and ptolualdehyde and
glutaraldehyd&. Acrolein cannot be analysed using the DNPH method (discussed in
Section2.4.3, and another method usingHMP (Section2.51) as a derivatisation

reagent has been recommented

2.4  DNPH and its problems

The use of DNPH asderivatisation reagent for the measurement of aldehydes was first
standardised by the U.S. Environmental Protection Agency in 198%)*f(rhe DNPH
method is based on the prin@phat aldehydes react with DNPH to form an aldehyde
DNPH adduct as shown Kigure2.1. The reaction occurs via the nucleophilic addition
of the amine groupf the DNPH moleculéo the carbonyl groupf the aldehyde/ketone
followed by the elimination o water molecule.

The method described in T® made use of midget impingers caniag a mixture of
hydrochloric acid, DNPH and isooctane. A complicated solvent extraction process
followed the sampling, after which the compounds were analysed by HPLC with UV
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detection at 360 nm. The method included the quantification of unsaturagdyaed,

such as acrolein and crotonaldehyde. The only significant interferences reported in the
method were from certain isomeric aldehydes and ketones such as acetone or
propionaldehyde, which c@inot be resolved by HPLC. Thmethod using impinger
sanpling was labour intensive, made use of acidic and hazardous reagents during sample
preparation, lacked sensitivity, and gave poor reproducibility at ambient concentration
levels. Therefore, in 1990, the use of DNRidated cartridges was introduced as one of

the standard methods (Method-8Pto measure formaldehyde and other aldehydes in
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NO,

Figure 2.1: Reaction of aldehydes with DNP®

The cartridge method stipulates that a known volume of air is passed through a DNPH
coated sorbent cartridge where the aldehydes are retained and react with DNPH. The
DNPH derivatives are desorbed from the sorbent cartridge using acetonitrile, and then
analysed using HPLC with UV detection at 360 nm, with the separation of the compounds

achieved using a reversed phase (C18) column.

The method claimed a possible integigece from organic compounds with similar
retention times as the DNPH derivatives, if these compounds strongly absorbed at a
wavelength of 360nm. Ozone was recognised as an interference on the method, and the
use of an ozone removing cartridge was incluiethe method. However, the method

still suffered from high formaldehyde background and required a clean room environment

for the preparation of the cartridges. In an updated versionlT®O, the use of



20

commercially prepared DNREbated cartridges was introduced. The document also
mentioned the possible degradation of acrolein and crotonaldehyde during sampling,
however the method was still recommended for the analysis of these cuiapdie
method was made an International Standard method in 2003, and in an update made in
20172 acrolein was removed from the list of aldehydes, due to its reactivity with itself
and DNPH (Sectio2.4.3. This method has subsequently been recommended for use by
the UK HSE’ for the analysis of formaldehyde acetaldehyde, propionaldehyde, acetone,
butyraldehyde, valeraldehyde, isovaleraldehyde, hexanal, benzaldehyde, 2,5

dimethylbenzaldehyde-om-, and ptolualdehyde ad glutaraldehydé in air.

A few resarchers using the DNPH method have encountered problems with the method,
which have been reported in literatth& %, These are discussed along with the proposed
solutions to the problems in the following sections.

2.4.1 Ozone

Ozone is a ubiquitous compound in the atmosphere and readily reacts with DNPH to form
2 4-dinitrophenol, 1,ainitrobenzene and 2dinitroaniline, as shown ifFigure 2.2%".

These degradation products may-etote with formaldehyd®NPH during HPLC
analysis, which will contribute to an overestimation of the formaldehyde concentration.
The interference from ozone is seen regardless of whether the sorbent gesiic&18,

although the silica gel cartridges showed slightly better collection efficiéhcies

NO,

NH,
NO, 2,4-dinitroaniline
H NO

No 2

NH, 03 OH
—_—
O,N
O,N

DNPH
2,4-dinitrophenol

0,N

2,4-dinitrobenzene

Figure 2.2: Ozone degradation products of DNPH’
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When comparing the reaction of DNPH wittzone in the impinger and on the Si
cartridgé?®, it was noted that in both media, the DNPH reacted with ozone forming several
of the same species. However, a decrease in the amount of formaldehydeeguantifi
the cartridge was observed, which was attributed to the formald&@mnée, which is
immobilised on the Startridge and therefore is exposed to further reaction with the
incoming ozone. Due to the formaldehyldBlPH being dispersed in the impinger
solution, and with the large excess of DNPH, the formaldet3N@H is spared from
reaction with the ozone. Ozone also reacts with the other ald&iyBél derivatives
formed on the cartridge, which results in lowgportedconcentration® 8, The effect of

the ozone interference on the aldehyde concentrations were seen at levels as low as 65
ppbv,

The use of a denuder or scrubbartridge containing potassium iodide is recommended
for the removal of ozorté . For the Kl to effectively remove the ozone, the scrubbers
were found to require the presence of water vapour in the airstrean8(2% Relative
Humidity - RH)3. However, in verjrigh humidity conditions (>90 % RH), the potassium
iodide cartridge trapped water vapour during sampling, which resulted in the trapping of
formaldehyde in the condensate on the KI cartridge, causing a reduction in the
formaldehyde captured by the DNPH tcialge®.

Several other denuder or scrubber cartridge options are available for the removal of
ozone, many of which are not commercially available and need to be prepared in the
laboratory. A graphitied carbon black thermal desorption cartridge was also used for the
effective removal of ozone. The graphitised carbon black has the added advantage that it
captures C5+ aldehydes, which could be analysed using gas chromatography mass
spectrometry (GAMS)3. Several other methods for the removal of ozone have been
suggested, including the use of trdn&-bis(2pyridyl)ethylene (2BPE) or hydroquinone
impregnated onto a sikcgel cartridge, which is also placed before the DNPH cartridge

in the sampling proce¥s

2.4.2 Nitrogen dioxide
Nitrogen dioxice, either directly emitted aa secondary pollutaritom diesel engines,
reacts with DNPH in an acidic medium to form -@jaitrophenyl azide (DNPA), as

shown in Figure 2.3. DNPA exhibits similar chromatographicrgperties to
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formaldehydeDNPH as shown ifrigure2.4** therefore creating a challenge to separate
it from formaldehydeDNPH chromatographically.

The HPLC conditions have been modified to separate the DNPA from the formaldehyde
DNPH to an extedt, but a dualavelength detection method was described to
differentiate between the analyte and interféfafven though a separation of DNPA
and formaldehyde was achieved, it was found that at IsN@Is higher than 0.55 pp

the DNPA interfered with the quantification of formaldehifde

NO, NO,
N N
N\NHZ NO,, H 3
—_—
O,N O,N
DNPH DNPA

Figure 2.3: DNPH reacts with nitrogen dioxide to form DNPA

The use of an ozone denuder cartridge, for the removal of ozone during sampling, was

shown to compound the problem, as NO emissions were oxidised:f6. NO

The reaction of DNPH with Ng£has beemisedto quantify NQ simultaneously with the
aldehyde®. However, the reaction of NQvith DNPH decreases the amowfitDNPH

available for derivatisation, and therefore lowers the capacity of the cartridge for aldehyde
guantification.

150

|~ DNPH hydrochloride
{1.95 min)
FA/DNPA
(4.33 and 4.25 min}

-

o

o
T

DNPH
(2.6 min)

50

1! pnce
il (4.80 min)

Absorbance (mALU)

t [min]

Figure 2.4: DNPA co-elutes with formaldehyde-DNPH (FA)34
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2.4.3 Acrolein: Dimers and adduct formation

Acrolein was removed from the list of target analytes of the DNPH sampling method due
to the appearance of several unknown peaks that were attributed to acrolein and its
reaction product< *° with DNPH.

Acrolein reacts with DNPH to form the DNPH deriv&p\ACRD. The acroleirDNPH
derivative contains a double bond which reacts with another DNPH (AD1). This
compound then reacts with another acreleMPH molecule to form AD2 as shown in
Figure2.5%,

NO
? H O NO; H
Nawn + H =C P CH,
NH, N\N/ N C/
= H
H
O,N ON

DNPH Acrolein ACR-D
+
NOZ H H2 H NOZ
H ~C C N E
NO 2Nl 7~ ot S NH
N C N 2
H, H -~
O,N ADI NO, O,N
DNPH
g ' + ACR-D
NO,
NP NN
N C N
H, |
O,N /CH2 NO,

H,C
N
N A
N AD2
O,N

Figure 2.5: Adduct formation of ACR -D (Acrolein-DNPH) with DNPH?9%

Acrolein is a reactive compound which tends to dimerise to form a dirferr(®l-3,4-
dihydro-2H-pyran, Figure 2.6), which is another aldehyde, which also reacts with
DNPH.
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NO,
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w o —
@oﬁj

Figure 2.6: Acrolein dimerises to form 2formyl -3,4-dihydro -2H-pyran®’ and
reaction with DNPH to form the derivative

The chromatogram ifrigure 2.7 shows the peak for acroleDNPH (ACR-D), and the

peaks that were identified to be the acrelelPH adduets that formed (AD1 and AD2).

The acroleirdimerDNPH peak is possibly one of the peaks marked b or d. The
summation of all these peaks was used to give an estimate of the acrolein conc&ntration
however, there is a possibility that the peaks maglate with other aldehydBNPH
derivatives, causing inaccurate results. The summation of the peaks is also not accurate
since the UV response for each compound will differ. Liquid chromatogragss m
spectrometry (LEMS) can be used to correctly identify the peaks and arglutmn of

other compounds, however, this technique is expensive and not necessarily available in

manylaboratories.
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Figure 2.7: Chromatographic profile of acrolein-DNPH (ACR-D) and its
decomposition product$§®
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A suggested solution to prevent the decomposition of acrbINiRH is by using a
hydroquinoneémpregnated cartridge before the DNPH cartrfdgeydroquinone is used

to stabilise the pure acrolein compound when purchased commercially, as it prevents the
dimerization of acrolein. The hydroquincimepregnated cartridge captures the acrolein,
preventing the dimerization of acrolein. The acroleimiy derivatised during the sample
preparation step, when the cartridge is eluted at the same as the DNPH cartridge with the
flow of the eluent through the DNPH cartridge and then through the hydroquinone
cartridge. The reaction of acrolein with DNPH is elecated by phosphoric acid in the
acetonitrile eluent. Ethanol is added later, as the reaction of acBiWiH with DNPH

is inhibited by protic solvents such as ethanol. This makes the analysis of the sample time

sensitive.

An added advantage to usinghgdroquinonempregnated cartridge before the DNPH
cartridge is that it could act as an ozone removal carffldgamentioned in Sectiéh4.1,
eliminating the need for a separate cartridge. However, it will be necessary to investigate
the effect the ozone scavenging will have on the quantification of acrolein, a=otiee o

will reduce the capacity of the hydroquinone to stabilise the acrolein on the cartridge. The

results may show that the Kl cartridge for ozone may still be necessary.

2.4.4 Carbonyls and carboxylic acids

Many have reported the difficulty in separating theokain, acetone and propionaldehyde
DNPH derivatives using HPL€*1%3, with newer column technology available on the
market with smaller particle size and additeggrahydrofuran (THF) to the mobile
phasé®, it should be possible to separate the C3 carbonyls. It has also been reported that
LC-MS was used to differentiate between the carb@iyPH derivativecompound®®

106 High concentrations of carbonyls will deplete the amount DNPH available to react
with the aldehydes of interest. Thiepletioncan be significant becaa acetone is

commonly used in a laboratory.

Carboxylic acids contain a carbonyl functional group, however, due to a resonance
stability of the molecule, which delocalises the electrons between the carbonyl
hydroxyl group, a nucleophilic addition BINPH is unlikely. This stability is seen in the
presence of a bal¥é However, due to the presence of a strong acid, such as hydiochlor
acid, the stabilising resonance may not occur, making it possible that the DNPH will react

with the carboxylic acid.
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Carboxylic acids were shown to react with DNPH, and that the acids could be
simultaneously determined along with aldehy8eJhe reaction was very slow, and was
accelerated by heating the sample to 80°C for 4 hours. As the carboxylic acid derivatives
elute before the DNPH peak, they do not interfere alitlehyde quantification, because

the aldehyde derivatives all elute after the DNPH peak.

2.4.5 Humidity

Humidity affects the collection efficiency of DNPH for formaldehyde, acetaldehyde and
propionaldehyde, due to the high solubility of the aldehydes in watemmidity between

30 and 80 % RH did not affect the collection efficiency of formaldeffytiewever the
capacity of the cartridge increased for formaldehyde with humidity levels ab@&85

The reverse effect was seen for acetaldehyde and propionaldehyde, where breakthrough
of the aldehydes took place earlier in more humitt@irhe effect that humidity has on

the collection efficiency floacrolein is unknown.

2.4.6 Sorbent material

The performance of silica gel and C18 as sorbent materials for use in the measurement of
formaldehyde using DNPH was evaluafedThe silica gel cartridge showedo
breakthrough of the aldehyde whereas the C18 cartridge showed occasional breakthrough
of 1-2 %. The breakthrough could be that thenpolarC18 cartridge poorly retains
formaldehydeand the difference was attributiedthe polar characteristic of te@ica gel
material, with OH groups available for hydrogen bonding, and therefore further
opportunities for reaction, whereas the C18 cartridge ispoter, with most of the OH
groups on the silica gel sorbent derivatised with the C18 paraffinic chain.

A method was developed for the guantification of formaldehyde using Florisil as the
sorbent material, coated with DNEHThe collection efficiency was determined to be
97.3 %, and no interferences were observed from, [SQ, and humidity, although the
levelsof NO, and SQ were not speified in the tests

2.4.7 Long-term sampling

The collection efficiency of various DNR&bated solid sorbents for acetaldehyde
decreases significantly when sampling over periods longer than 6!Howtsile
formaldehyde was unaffected. The discrepancy could not be explained by cartridge

breakthrough and no other explanation could badoior the phenomenon. The study
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was only carried out for formaldehyde and acetaldehyde and further investigation for

other aldehydes should be carried out.

2.4.8 E/ZIsomers

Aldehyde derivatives of DNPH have Bnd Zisomers around the C=N double bond
(Figure 2.1), except for formaldehyde. The major isomer that forms is tisoer,
however, under UV radiation and acidic conditions thisdter is formetP 1*2 Two

peaks may therefore be observed for aldehydes during analysis, depending on the
resolving power of the HPLC column. In these cases it is necessary to qubetify
aldehyde by addition of the areas of both peaks.

Reductive amination has been used to reduce the double bond of the alD&lBide
compounds to form the corresponding secondary amines ugiitglthe boran®. The
secondary amines araaysed using HPLC, therefore resolving analytical errors due to

the isomers.

2.4.9 Analysis technique

It is possible to analyse the DNPH derivatives by gas chromatography (GC) instead of
HPLC, since GC could give better resolution and sensitivity than HBLThe improved
resolution of GC results in the seaton of the Eand Zisomers of each aldehyd®NPH
derivativé'®. However, the low volatility of the aldehyd®NPH compounds make GC
analysis less ideland at higher injector temperatures these compounds decompose. The
use of programmed temperature vaporisation (PTV) with solvent split injection has been

a valuable injection technique for the analysis of real safifiles

25 Alternative derivatisation methods

Various derivatiation methods usingdgih performance liquid chromatography or gas
chromatography have been developed as an alternative to the DNPH method as a result

of some of the problems encountered.

Table 2.3 is a summary of alternative derivatisation reagents, along with the analysis
method (GC/HPLC), reaction times with the aldehydes, as well as thef thstreagent

An indication of reactivity with nitrogen dioxide and ozone is also given.

Very little information is available on the reactivity of the derivatisation reagents with

nitrogen dioxide and ozone and the levels at which these compounds interfere with the
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methods. A few of the derivatisation reagents that react with acrolein, require soane ext

effort to stabilise the acrolein derivative.

2.5.1 2-(Hydroxylmethyl) piperadine (2-HMP)

2-(Hydroxylmethyl)piperadine (HMP) forms only one reaction product with acrolein
and therefore is the recommended method for measurement of acroleiff.ifT
reaction time of HMP with formaldehyde and acrolein is 12 hdtitand 16 hours with
acetaldehydé®. The derivatised sample is introduced into the GC using thermal
desorption (TD), with several choices of detector availabkss spectrometry (M3,
flame-ionisation detector (FID¥® 118 electron capture detector (ECE) and nitrogen
phosphorous detector (NPD) giving the most sensitive résgts!>. The samples are

stable on the sampling cartridge folesst 4 weeks at room temperafiré®.

o N

zm

! H,0

Figure 2.8: Derivatisation of aldehydes with 2HMP

Derivatisation with 2ZHMP (shownin Figure2.8) can be used for the quantification of
formaldehyd@ 17119 and acetaldehyd® but these methods suffer from a few
disadvantages. The method has high blank values for fornyaldedind acetaldehyde,
requiring a blank subtraction in the quantification protes$ ?°, Purification of the 2

HMP by crystallisation increases the levels of formaldehyde and acetalé&whieh
worsens the detection limits for these compounds. For this reason the DNPH method is

preferred for the measurement of other aldehydes beside acrolein.

Thereis no information of the reaction of2MP with nitrogen dioxide and ozone.

2.5.2 3-Methoxybenzothiazolin-2-one Hydrazine (MBTH)
3-Methoxybenzothiazolk®2-one hydrazine (MBTH) is used as a derivatisation reagent
(shown inFigure2.9) in a spectrophotometric methadhich measures the total aldehyde
concentratiof” 114 121, The reaction time of formaldehyde and acetaldehyde in solution
is almost immediate, however acrolein only shows &#@action recovery after 1 hr at
95°C!?2, The chromatographic garation of the aldehyellBTH derivatives is difficult
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and not use€tl, however, methods using micell@ectro kinetic chromatography

(MEKC)'?%, GG-MS'2 HPLG-UV?2 and LGMS/MS® have been reported.

H

/

N NH, N N=—C + H,0
— N/ + - >: N/ \R
: " <

E- and Z-isomer

a—0

Figure 2.9: Derivatisation of aldehydes with MBTH

SQ,, a reduaig reagent, at concentrations exceeding 30 rhifterferes with this
method °. This would indicate thattber similar compounds such as N@ill probably

react with MBTH, causing interference and a reduced capacity.

2.5.3 N-Methyl-2,4-Dinitrophenylhydrazine (MDNPH)
N-methyt2,4-dinitrophenylhydrazine (MDNPH) is synthesised by alkylation of DNPH,
and has a reduceeactivity towards aldehyd&s The aldehydéIDNPH derivatives

have slighty longer wavelength maxima, making the method more selective towards the
aldehyde¥“ The nethod is not suitable for the quantification of acetaldehyde, as it has

a low recovery during sampling for the compound, possibly due to the lower re&gtivity

It can be used in high oxidant concentration matrices as it reacts witarid@ to form
only one poduct, Nmethyk2, 4-dinitroaniline (MDNAY®, which is easily separatedm
the aldehydeMDNPH derivatives during analysis with HPLC and therefore does not
interfere with the quantification of the aldehydes. The reaction of the MDNPH with the
oxidants, however, reduces the capacity of the sampling cartridge for aldehydes.

~. NH,
N

NO,

NO,

Figure 2.10: Structure of N-methyl-2,4-dinitrophenylhydrazine
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2.5.4 N-Methyl-4-Hydrazino-7-Nitrobenzofurazan (MNBDH)

Similarly to MDNPH, Nmethyt4-hydrazine7-nitrobenzofurazan (MNBDH) is used in
environments withhigh ozone and nitrogen dioxide concentrattbrf$ 126, MNBDH
forms only one reaction product;Methyt4-aminc 7-nitrobenzofuran (MNBDA), with

both oxidant gases, which is easily separated from the aldehyde derivatives usirf§ HPLC
42

MNBDH, shown inFigure2.11, has a faster reaction rate with the aldehydes than both
DNPH and MDNPH?, with longer wavelength maxima (478 nm) and enhanced molar
absorptivity, making thelerivatisationmethod more selective and sensitive than the
DNPH method®. The measurement of formaldehyde using this method compares well
with the DNPH results, however, acegthyde shows a low recovéfy, Another
drawback of MNBDH is that it, and the aldehy®W@&BDH derivatives are unstable in
airt?’,

NH,

Figure 2.11: Structure of MNBDH

MNBDH canbe used for the sampling of acrolein in air, if the pH of the eluent solution
is adjusted to 9.5 immediately after the elution ¥tephe acroleifMNBDH derivative
is then stable in solutiorf at least 2 days at 4°C.

2.5.5 1-Dimethylaminonaphthalene5-Sulfonylhydrazide (DNSH)
1-Dimethylaminonaphthalerg& sulfonylhydrazide (DNSH), shown iRigure2.12, is a
fluorescent compound, making it possible to use a fluorescence detector (FLD) for
analysis, which improves selectivity and sensitivity of the meth@NSH along with
hydroquinone can be used for the passive sampling and analysis of acrolein. The acrolein
forms a diderivatised compound, which is stable on the collection medium for B} day

at 4°G?% However, the formaldehyde and acetaldehyde derivatives are prone to
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hydrolysis as soon as 15 minutes after reaction takes*pfée?®, and therefore the

DNPH method is preferred for the analysis of the these aldeti{:des

N

O—S——0

NH

NH,

Figure 2.12 Chemical structure of DNSH

2.5.6 2,3,4,5,6Pentafluorophenyl Hydrazine (PFPH)

Aldehydes react with 2,3,4,5@ntafluoophenyl hydrazine (PFPH) through a tatep
reaction mechanism, shownHigure2.13"%, The reaction time is three days, and can be
shortened to 24 hours by increasing the temperature of reaction t5%66%Eh the E

and Zisomers form during the reaction and are separated during GC analysis, which are
added together for qufication purposeS? 34 The PFPHderivatives are thermally
stable and volatile, and are therefore analys&idg GC with thermal desorption for
sample introduction.

Losses of the low molecular weight aldehyde derivatives3Odere observed during
prolonged sampling (> 1 hr), which is due to the volatility of these compbtindad
therefore the DNPH method may be preferred in this inst¥#hce

F F F
F F
F F (0] F F
)J\ ‘—kl H k + HO
+ N R —_—
F NH H R Kk, F N/ \I(‘:I/ . N/NQC/R
| H I H H
F OH F

F NH,

E- and Z-
isomers

Figure 2.13: Two-step reaction of PFPH with an aldehyd#*

Exposure of PFPH cartridges to ozone resulted in a greater destruction of the PFPH
derivatives than DNPH derivativ€a No information is available on the reaction of
PFPH with nitrogen dioxide.
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2.5.7 0-(2,3,4,5,6Pentafluorobenzyl)hydroxylamine (PFBHA)

Aldehydes react withO-(2,3,4,5,6pentafluorobenzyihydroxylamine (PFBHA) in a
slightly acidic environment (pH 46), according to the reaction shownHigure2.14 to

form E- and Z isomers of the derivative. The reaction time in aqueous solution is 24
hourd®” when using impingers for sampling, however, when sampling using TD
cartridges or solid phasnicro extraction (SPME) fibres coated with PFBHA, the reaction

time is immediatE®.

E- and Z-isomers

Figure 2.14: Reaction of an aldehyde with PFBHA®

The collection efficiency of the method is affected by the coating amount of the
derivatisation reagent on the TD cartridgewell ashe sampling flow rate. The unreacted
PFBHA elutes between formaldehyde and acetaldehyde on-pat@nGC column, and
therefore limits the amount of PFBHA that can be used on the sampling cartridge, and
therefore the capacity for aldehydes. A low coating amount, requires a lower sample flow
rate to increase residence tiffePFBHA reacts with acrolein to form a stable derivative,

which is more stable than the acrokNPH derivativé®.

2.5.8 2-Diphenylacetyl1,3Indandione-1-Hydrazine (DAIH)
2-Diphenylacetyll,3-indandionel-hydrazine (DAIH), shown ifrigure2.15, reacts with
aldehydes to form E/Z isoméf8 1% with a reaction time of about 60 minutes when
sampling using impregnated silica gel cartridgesThe derivatives are analysed using
HPLC with a fluorescence detectot4* 142 making the method more selective and
sensitive than the DNPH method. The concentration of acrolein can be determined using
DAIH as derivatisation reagent and adjustment of the pH after elution to avoid the
unknown peaks observéd
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+ H,0

E- and Z-isomers

Figure 2.15: Reaction of DAIH with aldehydes

Ozone destroys DAIH and its aldehyde derivatives at levels of around 90 ppbv after only

1 hr, with the appearance of unidentified pé&ks

2.5.9 4-Hydrazinobenzoic Acid (HBA)

The derivatives of -hydrazinobenzoic acid (HBA) have a maximum UV absorbance of
290 nnt*. The reaction time of HBA with several aldehydes, as shovigure 2.16,

was determined to be between 15 min and #*hrghe derivatives are analysading
capillary electrophoresis (CEf 144 or HPLC* with relatively low detection limits,
comparable to that of DNPH. No studies on the interference efad® Q have been

performed for this method.

O, OH

(0]
. L| — + H,0

E- and Z-isomers

Figure 2.16: Derivatisation of aldehydes with HBA

2.5.10 Other derivatisation methods
Several other derivatisation reagents have been mentioned in literature for the sampling
and analysis of various aldehydes. Due to steric hindraocetfre methyl group on the

hydrazine Figure2.17), only one isomer is formét from the reaction of Nnethyk4-
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N 6 ,-diethylamino6-( 4ntethoxyl -mapthyl}1,3,5triazine2-hydrazine

(MDMNTH) with the aldehydes. MDMNTM® reacts with @and NQ to form the same
reaction product, which is easily separated from the aldehyde derivatives. The compound
is not commercially available and needs to be synthesised in the laboratory.

NH,

\N
Py
T
(T

Figure 2.17: Structure of MDMNTH 145

\

4-(2-((4-Bromophenethybdimethylammonio)ethoxypenzenaminium dibromide <4
APEBA) reacts with aldehydes and carboxylic acids, with a reaction time of 3 hours at
10xC%. The method has only been used for the analysis C50 aldehydes in liquid
biological samples, and has not been used for the analysis of aldehydes in gaseous
samples. The compound is prohibitively expensive anthéseforenot a feasible
alternative to DNPH. Rbenzyl ethanolamine (NBEAY 14" and cysteaminé®have been
reported not to react with acrolein, and therefore are not suitable for the current

application.

A final method, which involves hydrogen peroxide and sodium hydeota oxidise the
aldehydes to their corresponding carboxylic acid, which are analysed using anion
chromatography. This method is subject to interference from the already present

carboxylic acids in the sampfé
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Table 2.3: Alternative derivatisation reagents

Reactivity with aldehydes

Derivatisation Cost Analysis Reaction products Other comments Ref
reagent (E/9) method Formaldehyde Acetaldehyde Acrolein with NO2 and Os
. . Sampling >6hrs . 4041, 7
DNPH 3.19 gELC t<in?emm reaction jeads to low Adduct formation Sreo\:jeurgtlsreactlon T Eg(l:zorgmsi&jegcnéeértod bY 102113
recoveries P ’ ’ L ey
1 Recommended method for
acrolein
TD-GC-MS 1 High blank values for 80,115
2-HMP 8.98 GC-FID 16 hrs 16 hrs 16 hrs Unknown formaldehyde and 118 120
GC-NPD acetaldehyde. 150
1 Interference from acids in
air
(Lg{\é S bl ¢ 1 Colorimetric method EhEREH
-M 3 . Possible interference - 114 121
MBTH 6.62 HPLC-UV 50 minutes 50 minutes Unknown observed i L|m||t_edtphromatography s
LC-MS/MS applications
Low samplin One reaction product | Redu@d reactivity with o
MDNPH - HPLC-UV 20 min PING Ynknown P aldehydes 124151
recovery MDNA . . 152
1 Not commercially available
b| f 40, 41, 87,
. Possible if pH . .
HPLC-UV Low sampling . One reaction product 1 Expersive 98,114,
AINIER 3220 | cms 1S recovery aldjgsted S MNBDA 1 Derivatives unstable in air 212"
elution 145,153
1 Prone to hydrolysis
it 15, 35, 40,
HPLCFLD Reacts with ! c[i) er(i:\c/) rESOSItI?tn ro 15 min 114128
DNSH 264 CE-UV 10 min Isomers formed : Unknown erivatives atte 130,154
CE-FLD acrolein 1 Fluorescent compound '

improves sensitivity and

selectivity

155
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Reactivity with aldehydes

Derivatisation Cost Analysis Reaction products Other comments Ref
reagent (Elg) method . with NO2z and Os '
Formaldehyde Acetaldehyde Acrolein
lly limited NG 10y 10
g . . 1 Kinetically limited sampling ;3 133
PFPH 6.89 ggng 3 days ]Icf)lrzmlégmes ES%Té?nWIth Reacts with ozone 9 No sample prep time when 134 156
(24 hrs at 60°C) using TDGC 158
GC-MS ,
. _— Unknowni Ozone . . 103587
PEBHA 57 40 GC-ECD 15 min E/Z isomers Stable derivative interference on acroleir 1 Qu_antn‘lcat_|on of carboxylic 131 139
HPLC- formed formed Lantification acids possible 159163
UV/MS d
. . Ozone destroys DAIH 129 140
DAIH 13150 HPLC-FLD 60 min 60 min Possible with pH 4 2 dehyde "
adjustment L
derivatives
CE-UVv
HBA 3.19 HPLC- 15 mini 4 hrs 15 mini 4 hrs Unknown Unknown 143 144
UVIMS
9 Only tested for C% C10
4-APEBA 16480 HPLC-UV Unknown Unknown Unknown Unknown carbonyls v
9 Expensive
30 min at room 1 No isomers formed due to 44 g7 145
MDMNTH - HPLC-UV temperature in 30 min Unknown One reaction product steric hindrance 164
water 1 Synthesis required
1 Reacts with @and CQ to
UDMH? 0.41 HPLC 20 min Unknown Unknown Unknown form dimethyl nitrosamine 6%
which is toxic
NBEA 1.53 GC-MS Fast Fast No reaction Unknown 115 147
Cysteamine 7.12 GC-MS Fast Fast No reaction Unknown e

aUDMH i Unsymmetrical Dimethyl Hydrazine
* Costs obtained from Sigma Aldriclwyvw.sigmaaldrickcon) 27/07/2019



http://www.sigmaaldrich.com/

37

2.6 Conclusion

Aldehydes are part of combustion products, such as diesel engine emissions without
proper emission treatment and other combustion sources such as open fires, and therefore
it is necessary to analyse for aldehydes in &hesvironments. The recommended
methods using DNPH as derivatisation reagent for the sampling and analysis of the
aldehydes suffers from several problems, which makes the method cumbersome and
necessitates another analysis method, usiHy/P. There is inbrmation on how ozone

and NQ interfere chromatographically with the quantification of formaldehyde and other
aldehydes because of-etution, and destruction of the DNPH. The full impact that ozone

and NQ have on the method has not been investigateth&wnore, the impact of other

DEEE gases (carbon monoxide, NO, PAHs, VOCs) on the DNPH method has not been

mentioned and is therefore unknown. This will be investigat€thampter 4

An overview of other derivatisation methoflsr personal sampling purposes have
highlighted several other methods for the analysis of aldehydes, none of which have been
successfully applied for the simultaneous quantification of formaldehyde, acetaldehyde
and acrolein. Several of the derivatisatimagents are not suitable for the current
application due to their expense (MNBDH;A®EBA) or synthesis requirements
(MDNPH, MDMNTH), low stability (DNSH), toxicity (UDMH) and low reactivity with

acrolein (NBEA and cysteamine).

Some of the derivatisatiaragents have been identified to suffer from interference from
nitrogen dioxide and ozone, but, similarly to the DNPH method, the impact on the
quantification has not been fully evaluated. The levels of, d@d Q at which
interference and destruction dfet derivatisation reagent is seen is mostly unknown,
which will be studied irChapter 5Also, any other DEEE gases that were identified to
also interfere with the DNPH method, will also need to be evaluated with the alternative

derivatisation reagents.
Several further questions are raised from the literature review:

1 Are the inteferences described for the DNPH method, also interferences on the
other derivatisation reagents? Are there any other interferences, such as CO,

which is an important air pollutant, and which has not been reported on?
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How do these interfering compounds impthe sampling of the aldehydes? Is
there competitive adsorption on the sorbent, or displacement of the aldehyde
derivatives?

How does the reaction of the interfering compounds with the derivatisation

reagents impact on the capacity of the samplingidgerfor the aldehydes
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Chapter 3
Materials and methods

3.1 Introduction

The following chapter describes all the materials and equipment that was used during this
study. Full details of the experiments conducted are given in this chapter, and are referred
to throughotithe thesis. All experiments were performed in triplicate, and in some cases
more replicates were added. The analytical techniques used were chromatographically
based (HPLC, IC and GC), thus a short overview of the principles of chromatography is
included The overall aim of the thesis is to develop an analytical method for the sampling
and analysis of aldehydes in a polluted environment, and therefore the method will need
to be validated. The validation parameters are then described along with thensguatio
used to calculate the parameter values. A description of tsgesampling campaign is

also included at the end of this chapter.

3.2 Chemicalsand materials

The aldehyddDNPH standard was purchased from Sightdrich (CRM4M7285,
TO11/IP6A Aldehyde/Ketonr®NPH Mix, Supelco). A series of standards was prepared
by diluting the standard using acetonitrile. The resulting concentrations are shown in

Table3.1. This series of standards was used for the calibration &@NirH method.

A PAH standard, purchased form Restek (610 PAH Calibration Mix A, Catalogue no.:
31264, 125 250ng/mL in methylene chloride), diluted with acetonitrile (1:4), was used
for aromatic interference determination on the DNPH method. The names a

concentrations of the PAHSs are listedlable3.2.

The cartridges and sorbenfBable 3.3), aldehydesTable 3.4), solvents Table 3.5),
derivatisaibn reagentsTable3.6), gasesTable3.7) and other chemicals that were used

for all the experiments described later in this chapter are given in the tables below.



Table 3.1: Aldehyde-DNPH standard concentrations
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Aldehyde I\?olecular Standard concentration frg/mL)
ormula 1 2 3 4 5 6 7
Formaldehyde CH20 142 947 473 2.84 095 0.47 0.095
Acetaldehyde C2H4O 147 9.80 4.90 294 0.98 0.49 0.098
Acrolein C3H4O 145 9.67 4.83 290 0.97 0.48 0.097
Acetone C3HsO 14.8 9.87 493 296 0.99 0.49 0.099
Propionaldehyde C3HsO 149 994 496 298 0.99 0.50 0.099
Crotonaldehyde C4HesO 15.0 10.00 5.00 3.00 1.00 0.50 0.100
Butyraldehyde C4HsO 148 9.87 4.93 296 099 0.49 0.099
Benzaldehyde C/HeO 147 9.80 4.90 294 0.98 0.49 0.098
Isovaleraldehyde CsH100 147 9.80 490 294 098 0.49 0.098
Valeraldehyde CsH100 144 9.60 480 2.88 0.96 0.48 0.096
o-Tolualdehyde CgHsO 149 994 496 298 0.99 0.50 0.099
m-Tolualdehyde CgHsO 15.3 10.21 5.09 3.06 1.02 0.51 0.102
p-Tolualdehyde CgHsO 146 9.74 486 2.92 0.97 0.49 0.097
Hexaldehyde CeH120 146 9.74 486 292 0.97 0.49 0.097
iige%'%eethy'benz CoHiO  14.8 9.87 493 296 099 0.49 0.099
Table 3.2: PAH calibration mixture

Compounds Concentration (mg/mL)

Acenaphthene 250

Acenaphthylene 250

Anthracene 250

Benz(a)anthracene 125

Benzo(a)pyrene 125

Benzo(b)fluoranthene 125

Benzo(k)fluoranthene 125

Benzo(g,h,i)peylene 125

Chrysene 125

Dibenz(a,h)anthracene 125

Fluoranthene 125

Fluorene 250

Indero(1,2,3;cd)pyrene 125

Naphthalene 250

Phenanthrene 125

Pyrene 125
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Table 3.3: Cartridges and sorbents

Cartridge/sorbent  Supplier Catalogue Other information
number
350 mg silica gel, 1 mg

LpDNPH S10 Supelco 21014 DNPH. volume of 3 mL
LpDNPH Ozone ,
Scrubbers Supelco 505285 Kl cartridge

Markes
Carbograph 4TD International Ltd C-CG420 20/40 mesh

Markes
Carbograph 5TD International Ltd C-CG540 40/60 mesh

Markes
Carboxen 1003 International Ltd C-C1003
Molecular Sieve B Markes C-MSV5A

International Ltd
Tenax TA MELES CTNXTA  35/60 mesh

International Ltd

Table 3.4: Aldehydes
Aldehyde Supplier Catalogue Information
number

ACS Reagent, 37wt % inJa,
107 15 % methanol

Puri s €9.5.(@GC) O
anhydrous

90 % contains hydroquinone a
stabiliser

Formaldehyde SigmaAldrich 25254925ML
Acetaldehyde SigmaAldrich 00070100ML

Acrolein SigmaAldrich 11022125ML

Table 3.5: Solvents

Solvent Supplier Catalogue Information
number
Acetonitrile Fisher Scientific 10407440 99.99 %(HPLC grade)
Hexane Fisher Scientific 10703611 98.18 %
Dichloromethane  SigmaAldrich L09000G62.5L Con'@ms AMIEE £
stabiliser
Deionised water Laboratory preparec 18MY

Table 3.6: Derivatisation reagents

Derivatisation , Catalogue .
Supplier Information
reagent number
- . . r4 0
PFBHA Sigma Aldrich ~ 767351G 'EirT();C SIIVE RN HOCL
- - - Z 0
PFPH SigmaAldrich 93742106 ‘E‘érCF;PLC derivatisatior98.0 %
DAIH SigmaAldrich D2048381G 98 %
HBA SigmaAldrich 2463955G 97 %

MBTH SigmaAldrich  658752.5G  (99.0 % (HPLC)
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Table 3.7: Gases

Gas Supplier Catalogue number Information

NO BOC Limited 2654163 20.8 ppm balance nitrogen
NO> BOC Limited 2613983 20.1 ppm balance nitrogen
CO BOC Limited 2654162 40 ppm balance nitrogen
N2 BOC Limited N5.5

Table 3.8: Other chemicals and materials
Catalogue

Chemical name Supplier Information
number

Acetic acid Supelco RA475165 Neat

(glacial)

Formic acid Supelco R412236 Neat

Phosphoric acid ~ SigmaAldrich  79617250ML BioUltra 85 % (T)
Hydroquinone SigmaAldrich  H17902100G ReagentPIu® (99.5 %
Fisher

Hydrogen peroxide Chemical 10121810 30% wl/v extra pure SLR

NaOH Honeywell 58045500G  Anhydrous(08 %

Tedlar bag Supelco 24634 éo L inermogreen®iLe:

epta

Gas sampling bulb SigmaAldrich  22162U Glass, 125 mL with Teflon
stopcock

Gauze, spring, cap Markes Sorbent retaining, stairde

and tubes for International C-Gz020 steel, ¥ainch and PTFE

thermal desorption Ltd ferrule, brass

3.3 Method Validation

Method validation results show the quality and consistency of the analytical results that
can be expected in real samples. It verifies the suitability of a method to be used as a tool
for quality control and research suppétt The statistical parameters include selectivity,
calibration curve, linearity, calibration range, accuracy, precision, recovery, limit of
detection, limit of quantification, and stability. The data acquired for the method
validation was done in triplate, with the acceptance criteria at%®b5 The guidelines

given by OSHA for air sampling along with chromatographic andRfsigere also

followed.
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The validation resultfor the DNPH method, the IC analysis of the carboxylic acids, and

the final PFBHA method were calculated and reported.

3.3.1 Compound slectivity
Selectivity refers to the capability of an analytical method to produce a signal

unambiguously due to the analyitethe presence of other compounds, which is measured
by resolution(R) using the equation given below. Any possible interferences should also

be tested.

y 20 [1]

tr1 and ko are the retention times of the analytesigs, and wand w are the widths of
the analyte peaksf the chromatogranChapter /andChapter fare dedicated to the study
of how NO, NQ and CO interfere with the derivatisation methods fergsampling and

analysis of formaldehyde, acetaldehyde and acrolein.

3.3.2 Calibration curve, linearity and range

A calibration was set up by plotting the peak area of the analyte against its concentration
in the standard, and it was assumed that there wasafdetationship. Leastquare linear
regression was used to calculate the slope (mhteycept (c) and determination
coefficient (F) of the calibration curve. Data analysis was performed using the Analysis

Toolpak in Excel at the 95 % confidence level.

O Ao O [2]
At least threealibration standards were analysed in triplicate to confirm the linearity. An
R? close to 1 indicates a linear relationship, with a value higher than 0.990 needed for

acceptance of the calibration curve. The range should &&rland span 50150 % of
the expected concentration.

3.3.3 Limit of detection (LOD) and quantification (LOQ)

The limit of detection is the minimum concentration value at which the signal can be
reliably differentiated from the background noise, at a speciftedidence level. The

limit of detection, for this study, was calculated as 3.3 times the standard deviation of the
y-intercept §) of the calibration curve, divided by the slope of the calibration curve (S).

As mentioned previously, the confidence level of 95 % was used.
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08)-!1
000 — [3]

The limit of quantification is the lowest concentration quantitatively determined that is
accurate and precise within the acceptance criteria. Quantification below the LOQ and
above the LOD is possible, but has a high uncertainty. The LOQ was calculated as ten
times the standard deviation of thényercept divided by the slope of the calibratiat

the 95 % confidence level.

nowox P
—_— 4
VUL =5 [4]

3.3.4 Sensitivity
Sensitivity is a measure of the response related to a change in concentration. It is given

by the slop of the calibration curve (m).

3.3.5 Accuracy and precision
The accuracy of the method is how close the measured valueéstofiit r ue v al ueo.

work it is described by the method recovery.

508 D OOE ¢ pU WOIE&DT 01 TMMAGDOOOQ " [5]
0O DELVH—— Tt
T ORINENTRDS A P

The acceptable recovery range of an analytetisdsn 70 and 110 ¥ The precision
of the method describes how close the replicate measurements are to each other and is
given by the relative standard deviation (RSD). An RSD close to 0 indicates an excellent

precision.

3.3.6 Collection efficiency
The effectiveness of the capture of the aldehydes on the cartridges was measured by the
collection efficiency, as calculated in the equation below.

O @il edmQi ¢ddi 01 QQQQ

Oé ad QORVOG VRt t— 5 —eee——— . OTT. 6
TS £ 200 @wdl 01 darda [6]

Acceptable recovery and collection efficiency results are%7preferable if >906°”.
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3.4  Preparation of standards, solutions and cartridges

3.4.1 Aldehyde standard solution

The solution used for preparing aldemgkivative standards, in the gas bulb, and direct
spiking onto the cartridges was prepared by weighing the aldehydes into a 100 mL
volumetric flask, haHfilled with acetonitrile. Hydroquinone was added to the solution to
stabilise the acrolein in the solution. The volumetric flask was kept capped as much as
possible to avoid losses of the aldehydes. The mass of each compound in the solution was
ca. 200 mgdrmaldehyde, 60 mg acetaldehyde, 50 mg acrolein and 50 mg hydroquinone.

The solution was stored in the fridge, and freshly prepared every week.

3.4.2 Carboxylic acid standard solution

A ca. 1000 mg/L stock solution of formic and acetic acid, respectively, weased by
weighing ca. 25 mg of each acid into a 25 mL volumetric flask, and filled up to the mark
with deionised water. A series of standards was prepared by diluting the stock solution
using a micropipette into 25 mL volumetric flasks. The volumes fg@igento the flasks

to prepare the calibration standards for IC are giveraliie3.9.

Table 3.9: Volumes used to prepare calibration standards for IC
Standard Dilution volume  Stock or standard Final concentration of

no. (m) solution used each of the acids (mg/L)
1 500 Stock 20.0

2 375 Stock 15.0

3 313 Stock 12.5

4 250 Stock 10.0

5 125 Stock 5.0

6 1250 1 1.0

7 625 1 0.5

3.4.3 Derivatisation reagent solutions

The derivatisation reagent solutions were prepared by weighing the amounts indicated in
Table3.10 into 10 mL volumetric flasks and filled to the mark with the appropriate
solvent. These solutions were used to prepare the cartridges, as well as for-the post

sampling derivatisation procedure.
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Table 3.10: Solvents used for the derivatisation reagents

rDezrgiJvez?]tisation Mass (mg) Solvent

PFBHA 26.89 0.1 % KPQy H2O and acetonitrile (1:1)
PFPH 24.99 Dichloromethane

DAIH 44.75 Acetonitrile

HBA 19.19 H20 and acetonitrile (1:1)

MBTH 22.60 H20

H202 (0.1 mL) 0.1 % POy

Hydroquinone 37.50 Acetonitrile

DNPH - Acetonitrile

ALY T 60 0.1 % HPQ H,0 and acetonitrile (1:1)

3.4.4 Preparation of aldehyde derivatives

The aldehyde derivatives were prepared by mixing the aldehyde stantiardnswith

an excess amount of the derivatisation reagent in the solvent as in indicEabteiBi10.

The solution mixtures were left overnight to ensure a complete rekétiSh These
solutions were used for the analytical method development on GC or HPLC for each

derivatisation reagent.

3.4.5 Preparation of sampling cartridges containing the derivatisation reagents,
hydroquinone or hydrogen peroxide.

The used DNPH ctridges containing only silica gel (after elution of the DNPH and the
derivatives from the cartridge) were used to prepare the cartridges containing the various
derivatisation reagents (or hydroquinone aiOb) for the sampling experiments. A
volume of 4@ niL of the derivatisation reagent solution (Sect8oh.3 was injected onto

the cartridge (the approximate dead volume in the silica gel portion of the cartridge). The
final molar amount of the derivatisationagents (or hydroquinone or2&:) on the
cartridges was equivalent to the molar amount of the commercial DNPH cartridge loading
(5.05mmol). All the cartridges, except for the®k cartridges, were dried overnight in a

fan oven at 5%C.

The cartridges forhe final PFBHA method were prepared by preparing a solution
containing both the PFBHA and hydroquinone at the concentrations specified as before,
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and injecting 400rL of this solution onto the silica gel cartridges. The cartridges were

dried overnight inlte fan oven at 5.

This procedure resulted in cartridges containing consistent concentrations of the various
reagents for analytitgurposes RSD of 3.74%, calculated from the responses of the
derivatisation reagent of blank cartridges containing trdyderivatisation reagents).

3.4.5.1Sheltlife of cartridge after preparation

Cartridges containing derivatisation reagents were prepared as described previously in
this section. The cartridges were capped and stored at room temperature, in a dark
cupboard untilanalysed. Each day, one of the cartridges analysed and the peak
response of the derivatisation reagent was monitored over 8 days.

3.4.6 Preparation of the sorbent cartridges for the sorbent tests
Ca. 300 mg of each of the sorbent materials listeBainle 3.3 was packed into empty
stainless steel thermal desorption cartridges. These were capped and stored until used in

the sorbent tests.

3.4.7 Spiking of cartridges
For spiking tests, the aldehyde standard solution was directly introcudedthe
cartridge by injecting a 10@1 of the aldehyde solution onto the cartridge using a

micropipette.

3.5 Analysis methods

The analysis methods used in this study, namely HPLC, IC and GC are all
chromatographic techniques. Chromatography is the sepadtmompounds based on

the partition or distribution of the compounds between two immiscible pfiaggse two

phases are generally a solid stationdrgge, and a liquid or gas mobile phase. The type

of the mobile phase determines whether a technique is classified as liquid or gas
chromatography. The HPLC technique that is referred to and used in thesis is based on
partition chromatography, and speciflgaused is the reversed phase chromatography.

lon exchange chromatography (IC) is also classified as liquid chromatography.

3.5.1 General Principles of Chromatography-%-171
The analytes in a sample are separated on a GC or LC column due to the difference in the

distribution coefficients of the analytes between the stationary and mobile phases. A
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chromatogram showing the parameters used to describe the chromatogrgipley iin

Figure3.1. Each peak on the chromatogram represents an analyte in the sample.

v

Signal

e FTRZ’\

Time

Figure 3.1: Chromatogram showing parameters used for the description of the
chromatography

The dead timéty) is the time it take$or an analyte that is not retained by the column, to
reach the detectorhe retention time of an analyte is therefore the time it takes to move
through the column and reach the detedibe dead time, retention timekthe analytes

(tr1, tr2) and peakwidths (Wk1, Wr2), as indicated ifrigure3.1 are used to calculate the
descriptive parametens chromatography

3.5.1.1Resolution
The resolution(R) is a quantitative measure of how well two peaks are separated or
resolved. The resolution of peaksssential for accurate results, as discusse icabe

of acrolein and the eelution of the other G8arbonyl compounds with,itn Chapter 2
Resolution is calculated frothe chromatographic data by the following equation:
0 0

YO0 e [7]
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Two peaksare recognised as sepachée a resolutiowvalueof 0.5and aresolution of 1.5

or moreis necessary fahe accuratguantitativedeterminatiorof theseparatednalytes.

Resolutionis alsocalculated by takinghto account theelectivity, capeity and number
of theoretical platgsas given in equatiof8]!’2 These factararetherefore levershat
can be changed to achieve a full separation of pddiese factors are discussed in the

following sections.

y W — 8]

N = Number of theoretical plates
k' = Capacity factor

a = Selectivity

3.5.1.2Partition coefficient and capacity factor

As already mentioned|laeparatios of analytes are based upon the differenaghich
analytes are partitioned between the mobile and stationary phasehromatographic
system with thepartitioningoccurringdue b the affinity of the analyte for the mobile

phase and the stationary phase. The partition coefficient, K, is defined as

o 2 8
¢

Csis the analyte concentration in the stationary phase amsltBe analyte concentration
in the mobile phasé®

The partition cefficient is related to the capacity factor of the column. The capacity factor
is a description ofhe ability ofthe column to retain an analyte or the migration rate of
the analytes through a column. Equatj@f]*’4 shows how the capacity factof k i§ )

calculated.

[10]

Vsand Wy are the volumes of the stationary and mobile phases respectively. The capacity
factor can also be calculatéwm the chromatographic datsing the retention time of

the analyte §) andthecolumndead time @).
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A s mal | (<k)indicatadhapeor retention odnanalyte by the column, therefore
it will elute near t h(gi5Syiopliedthatthelcolumaretaids | ar ger
the analytewhich resultsin a longer retetion time.Avery | ar ¢¢10)isé val ue

associated with peak broadening aad a resulta decrease ithe sensitivity for the
analyte Good separationsf peaksare achieved with a capacity factor of between 1 and
5 for gradient separationsand forisocratic separations theapacity factorcan be

increased to 10.

As the capacity factor is determined by the stationary and mobile phasm bbe
improved by chnging the type of column used @hanging the mobile phase

composition.

3.5.1.3Column Selectivity
The column slectivity (a) is a measure of the ability to discriminate between structurally
related compoundsThe selectivityis influenced by the mobile phase composition and
choice of stationary phas# the column. Selectivity isalculated fronthe ratio of the
retention tines of two analyte peaks.

0 o

SIS -

3.5.1.4Theoretical plates and column efficiency

A column is divided into N theoretical plateghere thehermodynamic equilibrium of

the analytes occurBetween the mobile and stationary phasthin each plate. The
number of theoretical plates is proportional to the column length, L. The plate height, H,
is also known as the height equivdlén a theoretical plate (HETP), and given in the

equation below.

(o) [12]

5

The column efficiency ineases athe number of plates becomes greater and the plate
height becomes smaller. The number of plates is determinedtieohromatographic

data using the following equation:

o
O P oy [13]

I
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The number of theoretical plates required to aehig desired resolutioon a column

with a specific stationary phasmn be calculated bgarranginghe resolutiorequation
172

= | p [14]

o0 p§

A summary of the analysis methods developed and used in this thesis is given in
Figure 3.2, showing the derivatisation reagent used for each aldehyde, and the

accompnying analysis technique for each derivatisation reagent.

Aldehyde [Formaldehyde N Acetaldehyde H Acrolein J

Yyv ;

Oxidation with
Derivatisation H,0, to
reagent carboxylic acids
v v J v
Analysis Gas Ton Liquid
Technique chromatography || chromatography || chromatography

Figure 3.2: Summary of analysis methods for the determination of aldehydes

3.5.2 HPLC methods

A high performance liquid chromatography (HPLC) systequipped with a photodiode
array detector (PDA) (Ultimate 3000, Thermo Scientific, Waltham, MA, USA)
(Figure 3.3) was used for all HPLC analysis methods. An Ascentis ExpresAniée
(2.7mm, 10 cm x 4.6 mm) columiitted with a guard cartridge was used to separate the
analytes in all HPLC analysis methods. The flow rate was set at 1.0 mL/min and the
column oven was set atXD. An injection volume of 101 was used, unless otherwise

specified.



Figure 3.3: Ultimate 3000 HPLC system, Thermo Scientific, with PDA detector

3.5.2.1DNPH derivatives analysis

The HPLC method used for the analysis of the aldelEH derivatives was adapted
from the method as described in US EPAtiel 8315 on Ascentis RP Amide The
gradient for the mobile phase composition is describddiie3.11.

Table 3.11: DNPH method mobile phase composition

Time (min) % H 20 % Acetonitrile
60 40
60 40
15 15 85
15.5 60 40

The UV detector was set at a wavelength of 360 nm, with the reference wavelength set at
320 nm, both with bandwths of 4 nm. The chromatogram of the aldehyde/kef@oNeH

mixture is shown irFigure3.4.

Table 3.122 HPLC regression and recovery data for the aldehydes and acetone
Recovery data (n=5)

Aldehyde Regression equation C(?fr'relation

coefficient (R?) Recovery (%) RSD (%)
Formaldehyde y=1.74x+ 0.03 0.9990 98.5 3.57
Acetaldehyde y=1.52x + 0.04 0.9988 98.8 3.00
Acrolein y=1.27x-0.01 0.9989 98.4 2.57

Acetone y= 1.57x + 0.23 0.9970 98.9 1.75
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Figure 3.4: HPLC chromatogram of aldehyde DNPH derivatives

To determine the recovery of the aldehydes from the method was determined by injecting
Standard 4 as a sample, and quantifying the aldehydes and ketones using the calibration

curve. The analysis was repeated five times. The rematshown imable3.12.

3.5.2.2MBTH derivatives analysis

MBTH is soluble in water, and has a good UV response, therefore the best analysis
method would be using HPLC. The HPLC method for the analysis of the aldehyde
MBTH derivatives was similar to the DNPH method, only the neopliase composition
gradient, shown inTable 3.13 and the UV wavelength was set at 310 nm. The
chromatogram of the aldehydi#BTH derivatives are shown iRigure3.5.

Table 3.13: MBTH method mobile phase composition

Time (min) % H20 % Acetonitrile
0 80 20
2 80 20
15 30 70

155 80 20
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Figure 3.5: HPLC chromatogram of the aldehydeMBTH derivatives

3.5.2.3DAIH derivatives analysis
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Figure 3.6: HPLC chromatogram of the aldehydeDAIH derivatives
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DAIH is not volatile, and is soluble in water. Therefore HPLC was chosen as the method
of analysis for the BIH derivatives. The analysis method for DAIH is the same as the
DNPH method, except that the detector was set at the optimum UV response at a
wavelength of 240 nm. The chromatogram of the aldel/Ak- derivatives are shown

in Figure3.6.

3.5.2.4HBA derivatives analysis

HBA is thermally unstable, but soluble in water. The analysis method therefore was
HPLC using an acidic mobile phase. The gradient mobile composition is described in
Table3.14. Themonitoring wavelength of the UV was set at 310 Riigure 3.7 is the

chromatogram of the aldehydHBA derivatives.

Table 3.14: HBA method mobile phase composition

Time (min) % H20 with % Acetonitrile
0.1 % H3PO4

90 10

2 90 10
15 40 60
15.5 90 10

3450 A

2950 ~

Acrolein-HBA
E- and Z-1somers

2450

|

Acetaldehyde-HBA
E- and Z-1somers

1950

|

1450

Absorbance (mAU)

950 ~

Formaldehyde-HBA

450 A

4 5 6 7 8 9 10 11 12 13 14
Time (min)

Figure 3.7: HPLC chromatogram of the aldehydeHBA derivatives
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3.5.2.5 Hydrogen peroxide

Two methods were used for the arsid of the carboxylic acids. The HPLC method was
used initially for the analysis of the samples, requiring the use of an acidic solution for
desorption of the carboxylic acids from the cartridge. An acidic pH below th®fpK
formic acid (3.73%is needed to keep both the formitdaacetic acids in their neutral
acidic forms for analysis on the amide modified C18 HPLC column. The solution for
desorption for analysis using IC needed to be above theopHcetic acid (4.8)° to
ensure that all the acids were present as formate and acetate in solutioorfexahange

chromatography to take place.
HPLC method

Two methods were used to analyse the carboxylic acids after oxidation of the aldehydes
by hydrogen peroxideGhager 5, namely IC and HPLC methods. The HPLC method
made usef the Ascentis Express RAmide column, with the column temperature set at
30xC, and a mobile phase composition as describ@ale3.15. The flow rate was set

at 1.0 mL/min and the UV wavelength was set at r@h0

Table 3.15. Mobile phase composition for HPLC analysis of the carboxylic acids

Time (min) % H20 with % Acetonitrile
0.1 % H3PO4
95 5
95 5
10 5 95
12 5 95
13 95 5

IC method

A Dionex ICS9001lon Chromatography equipped with a Thermo Scientific AG11 guard
column (50 mm x 4 mm) and AS11 (250 mm x 4 mm) analytical column was used for the
analysis of the carboxylic acids in their ionic form. The mobile phase was 0.5 mM KOH
in deionised water, at #ow rate of 0.35 mL/min. The conductivity detector has a
suppressor (AMMS 300 MicroMembrane Suppressor) to reduce the conductivity of the
mobile phase and the regeneration solution was 1.0 BOHnN deionised water. The

injection volume of the sample LOnL and the analysis time was set at 20 minutes.
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Figure 3.8: lon chromatogram of the acetate and formate ions

The ion chromatographic method was validated and the performance parameters are
shown inTable3.16. A chromatogram of the separation of the formate and acetate using
this method is shown iRigure 3.8. The chromatogram shows the acetate and formate
ions at a cocentration of around 5 mg/L. The peak of the formate ion is fronting,
indicating an overloading of the column. This could be easily rectified by reducing the
injection volume, but unfortunately the instrument used has a set sample loop volume

which is notvariable.

The validation parameter values are similar to those for the DNPH method (Se2tjon
although slightly higher limits of detection and quantification were obtained. This is due
to choice of the range of standards used. To obtain lower limits, standards with lower
concentrations could be included in the calibration. However the @D @Q obtained

are still acceptable for the measuremerfoahaldehyde and acetaldehyde.
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Table 3.16: IC analytical performance parameters

Anion
Parameter Formaldehyde as formate Acetaldehyde as aceta&t
Linearity () 0.999 0.997
Repeatability (RSD) 4.43 1.57
Sensitivity (i5/(mg/L)) 0.0298 0.0925
Retention time Precision 0.22 0.58
(RSD)
Range (mg/L) 0.38- 20 0.5-20
LOD (nmy/n)? 1.89 3.23
LOQ (mg/n)? 5.72 9.78

aThe limits of detection and qutification are expressed as the aldehyde before oxidation per voldref @i
sampled at 1 L/min.

3.5.3 GC methods
For all GC analysis methodsShimadzu G€010 Plus with GCM$)P2010SE mass

spectrometerHigure3.9) equipped with an Agilent DBMS column 6% Phenyl arylene

polymer, with dimensions 25 m x 0.25 mm I.D. x Or@#B) was used.

Figure 3.9: Shimadzu GG-2010 Plus with GCMSQP2010SE

3.5.3.1DNPH reaction productsidentification method by GC-MS
The injector temperature was set at @80and a volume of . of the sample was

injected splitless onto the column. The initial oven temperature was setxaricbfeld
for 2 min. The temperature was ramped atCIthin untl a final temperature of 28C
was reached, and held for 10 minutes. The ion source, ®€ 260the mass spectrometer

was operated in electron ionisation (El, 70 eV) mode, with the interface temperature to
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the MS at 28#C. A total ion current (TIC) massnge of m/z 3%00 was scanned. The
identification of the compounds was done based on their match with those listed on the
NIST11 library search as well as matching retention times to the ald&niygel
standard injected.

3.5.3.2PFPH and PFBHA derivatives analyss on GGMS
The PFPH and PFBHA aldehyderivatives were analysed on the samel&analysis

method, as the derivatives of both reagents were similar.

135 A
115 -

95 A

Formaldehyde-PFPH

75 1

Acetaldehyde-PFPH
E- and Z-isomers

|

55 1

Absolute Intensity (x10%)

P PFPH
—

35 A

15 4

——— Acrolein-PFPH

Ju—
N
—_—
[=)}

18 20 22 24
Time (min)

Figure 3.10: GC-MS chromatogram of the aldehydePFPH derivatives

A sample volume of I with a 1.0 split was injected onto the GC column. The oven
temperature was initially held at 45°C fonfnutes after injection, thereafteretltoven
temperature was increased to a final temperature of22&0a rate of 5°C/miThe mass
spectrometer was operated in electron ionization (El) mode @V dhd the GC/MS
interface temperature was set at 280 The ion source temperature was Se2GikC,

and a total ion current mass range of m/Z 380 was scanned. Selective ion monitoring
(SIM) of the PFPH derivatives at m/z of 155, and of the PFBHA derivatives at m/z at 181
was also performed for quantification purposes. The areas oEbatitl Z-isomers of

each aldehyd®FPH or aldehyd®FBHA derivative were utilized for quantification of
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the aldehydes. The chromatograms of the PFdtd PFBHAderivatives are shown in

Figure3.10 andFigure3.11, respectively.
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Figure 3.11: GC-MS chromatogram of the aldehydePFBHA derivatives

3.6  Elution of cartridges

Each cartridge was eluted using 5 mL of the solvent {sd#e 3.10) into a 5 mL
volumetric flask, which was then filled to the mark with the solvent. The cartridge retains
some of the solvent and therefore the volumetric flask was filled to the mark with solvent,
after elution.The solution was then transferred to a 2 mL vial for analysis with HPLC,
GC or IC, as required. The volume was enough to completely remove all the aldehyde
derivatives from the cartridges, as a subsequent elution of the cartridge showed no traces

of the ddehydederivatives.

3.6.1 Stability of the aldehydes on the cartridge during storage
The new PFBHA method cartridges were spiked (Secdd@dn? with the aldehyde

standard solution, after which the cartridge was capped and placed in a zip seal bag, and
stored in a refrigerator akG. Each subsequent day a cartridge was taken from the bag,

eluted (Sectiord.6) and analysed (Sectid5.3.3. This test was performed over 9 days.
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3.6.2 Stability of the aldehydes in solution after elution
A PFBHA cartridge was spiked with the aldehyde standard solution, cappddft for

30 minutes for derivatisation to take place. The cartridge was eluted with acetonitrile into
a 5 mL volumetric flask. The eluent was stored in the fridge«@t &nd analysed each

day for 9 days.

3.7  Experimental setup with the simple gas simuladn chamber

A 125 mL glass gas sampling bulb, with Teflon stopcocks, was used to set up a simple
simulation chamber, as shownkigure3.12. The glass was silanised before use to avoid
absorption of the compoundsito the walls of the bulb. The gas flow is introduced
through the inlet, either from a gas line or a Tedlar Badple 3.17) filled with a gas
mixture. The concentrations were chosen based on concentrations in a polluted
workpla@!’®. When needed, the aldehydes were introduced to the bulb using a pipette to
inject 100nL of the prepared aldehyde solutionavthe septum inlet. The sampling
cartridge set was connected to the outlet and the flow of gas out of the bulb, containing a
mixture of the gas with the volatilised aldehydes, moved through the cartridge at a
specified flow rate between 0.8 L/min. Theflow rate was controlled using the personal
sampling pump ESCORT EIf® Air sampling pump, Zefon International)hich was
connected to the end of the cartridge. After the experiment, the cartridge was removed,
capped and stored in the refrigerator untitien.

Syringe
Aldehyde mixture

Septum inlet

DNPH Cartridge

Tedlar bag
containing
CO/NO/NO: in N:

Pump

Gas sampling bulb

Figure 3.12 Simple simulation chamber for the study of individual interferences
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Table 3.17: Mass of gas introduced to cartridge¥’®

Gas Mas_s through Equivale_nt 8 hour
cartridge (mg) concentration (mg/n¥)

NO 0.123 0.26

NO: 0.188 0.39

CO 0.230 0.48

Ozone 0.055 0.11

3.7.1 Gas ewaluation tests

3.7.1.1Reaction of NO, NG and CO with the derivatisation reagents and
hydroquinone

A Tedlar gas bag was filled with the specific gas (either NO; '@CO) and connected

to the inlet of the gas sampling bulb. The experimental procedure descrévealiply

was followed. No aldehydes were introduced into the gas sampling bulb. The cartridges
used each contained one of the derivatisation reagents that was tested.

3.7.1.2NO, NO2 and CO effect on aldehyde capture
The gas sampling bulb was injected with I0of the aldehyde standard solution, and

the procedure described in Sectiii.1.1was followed.

3.7.1.3NO, NO2 and CO effect on aldehyde retention
A volume of 100nL of the aldehyde standard solution was spiked omidridge
(Section3.4.7) and left for 10 minutes to react, and afterwards connected to the outlet of

the gas bulb. The experimental procedure, as described previously, was followed.

3.7.1.40zone exposure tests

An UVP S0G-1 Stable Ozone Generator, with a Haty lamp and compressed air was

used to generate ozone for the exposure tests. The ozone generator produces a continuous
flow of ozone using the photochemical reaction of oxygen under shortwave UV. The
compressed affow was controlled by a needle valve, and the amount of ozone generated
was controlled through the choice of flow rate and the length of thd&kBghamp was

that was uncovered. The generator was calibrated by the manufacturer for ozone
generation wittpure Q, however recalibration was required as compressed air was being
used as the oxygen source in this study. The ozone concentration in the output flow was
measured using a 49Cz@nalyser (Thermo Environmental Instruments Inc.), and the

calibration cuves for each flow was obtained, showrigure3.13.
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Figure 3.13: Calibration of the ozone generator when using compressed air

The cartridges were connected to the outlet of the ozone generator, which was set to

generate a specific amounts of ozamespecified later in the chapters.

3.7.1.5Simulated polluted environments

The DNPH and final PFBHA methods were tested in a simulated polluted environment.
The polluted environment was created using the Environics Series 4000 Gas Mixing
System with 4 mass flowoatrollers (MFC) with sulfinert (pictured figure3.14), which

mixed the gases (NO, NCand CO) with a balance of nitrogen, to the required
concentrations Table 3.18). A Tedlar bag was filled with the mixture of gases and
connected to the inlet of the gas bulbcreasing volumes of the aldehyde standard
solution was injected into the sample bulb for each test, as shoWabla3.18. The

experimental procedure as describe8.in1.1was followed.
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Figure 3.14: Environics Series 4000 gas mixing system

Table 3.18: Concentrations of the gases and aldehydes in the simulated polldte
environment
Concentration (mg/m3y

NO NOz2 CO | Formaldehyde Acetaldehyde Acrolein
0.03 0.03 0.02
0.08 0.06 0.05
0.16 0.13 0.10
0.62 0.47 2.16 0.24 0.19 0.16
0.32 0.26 0.21
0.47 0.38 0.31
1.26 1.02 0.84

aTWA of 8 hours
b Below LOD of acetaldehyde

3.7.2 NO:2 quantification using the new PFBHA method

The various N@gas standards were prepared using the gas mixing system to dilute the
NO; gas using nitrogen. Tedlar bags were filled with 78, 196, 392 andgigs of NO;

gas, and connected to the gas bulb inlet. The PFBHA cartridges (S&gti§nwere
connected to the outlet of the gas bulb, and the experimental procedure described in
Section3.7.1.1was followed. The cartridges were eluted (Sectof) and analysed
(Section3.5.3.2.

A calibration curve for the quantificatioof NO. using the new PFBHA method was

plotted using the peak responses of thepzoquinone against the BNEncentrations.

3.7.3 Sorbent tests
Each cartridge was connected to a PFBt##tridge which was used as a breakthrough

cartridge. The cartridge set wasnnected to the gas sampling bulb (as described in
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Section3.5), which contained 100 of the aldehyde standard solution. The sorbent

capturing efficiency was calculated as follows:

b & WA N 680G Q0 Wl § 8706 @i 61 0000
n P o T AR a o P

3.8  Postsampling derivatisation procedure for reaction time determination

A set of the hydroquinone cartridges after sampling (Se8tiod) was injected with 400
nL of the individual derivatis&n reagent solutions (Secti@%.3. The cartridges were
capped and allowed to react for 3 hours. Thereafter, the cartridge was eluted with the

appropriate solvent and analysed.

3.9 Method Recovery

The gas bulb waspiked with 100 of the aldehyde standard solution. Nitrogen gas was
connected to the inlet of the bulb with the test cartridge system connected to the outlet of
the bulb. The solution spiked into the bulb would volatilise in this time and be swept ont
the cartridge by the gas flow. Each experiment lasted at least 20 minutes, if not specified.

The method recovery was calculated using equ@iipn

3.10 Conclusion

This chapter gives a detailed description of the ploces followed to develop the
analytical methods for the determination of formaldehyde, acetaldehyde and acrolein in
air using various derivatisation reagenGeneral chromatography principles were
described as the main analysis techniques used were lkisd-, and ion
chromatography.Several tests are described which were performed to ensure the
robustness of the finanalyticalmethodfor the sampling and analysis of aldehydes in
air. Details of the validation parameters have also been includedh wilicbe used to

determine whether the final method developed is fit for purpose.
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Chapter 4
Investigation of the limitations of the DNPH method

4.1 Introduction

The recommended method for the measurement of formaldehyde in air is by capturing
the aldehydes on ailica gel or C18 cartridge, which is coated with DNPH for
derivatisation of the aldehydes, and then followed by HPLC analysis of the deri®/atives

't i s i mportant to understand the DNPH me
and why it fails to measure the aldebgdn a polluted environments such as diesel engine
exhaust emission (DEEE) environments. An understanding of the shortcomings will aid

in adjusting the method to be able to analyse for the aldehyde using the DNPH method,
or in the development of a new rhetl using an alternative derivatisation agent.

Validation of a method includes the determination of the selectivity of the method, the
capability of a method to produce a signal unambiguously due to the analyte, in the
presence of other compounds. Theusacy of the method determines how close the
measured value is to the true value. The accuracy of a method is affected by the matrix
of the sample and consequently, a study into the interferences and how they affect the

sampling and analysis of the aldebgds required.

Two types of interferences can occur in a method that includes sampling and analysis
steps. The sample matrix can interfere during the sampling process with the capture and
retention of the aldehydes. The matrix gases may also interfdreirny retained on the
cartridge and then possibly also reacting with the derivatisation agent. These matrix gases
and the reaction products with DNPH can appear on the chromatogram if it has a UV

response, and may possibly-elite with the analyte peaks.

In a combustion environment such as a diesel engine environment the major emission
gases include NQand CO, with minor amounts of PAH, carboxylic acids and aldehydes.
Literature Chapter 2 has already identified the chromgtaphic interferences on the
DNPH method from the reaction of DNPH with nitrogen dioxide N ©zone (Q),
nitrogen oxide (NO), and carboxylic acids. The resulting reaction products ceeldteo

with the aldehyddONPH derivatives and therefore causeoein quantification of the
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aldehydes. Acetonreand propionaldehydBNPH derivatives c@lute with acrolein

DNPH and therefore make it difficult to analyse for acrolein.

Several strategies have been followed to improve the chromatographic separation of the
NOx and ozone reaction products from the DNPH derivatives, which also include the use
of the UV spectra to deconvolute peaks that areletng®®. However, the impact of the

gases on the capture and retention of the aldehydes by the DNPH cartridges have not been
assessed. Also, the amount of DNPHsuimed by the DEEE gases has not been
quantified. The consumption of DNPH reduces the capacity of the DNPH cartridges for
the derivatisation of aldehydes, and therefore is an important factor to consider.

Furthermore there is no record of how CO reactd WiNPH, and thus the impact this
gas has on the sampling and analysis of the aldehydes, especially in diesel engine

environments has not been assessed.

The major gases (CO and N®ave concentrations a great deal higher than the aldehydes
(CO ~ 1.5 g/kWh NO« ~ 0.4 g/kWh, aldehydes a fraction of the HC content ~ 0.13
g/kWh)* in diesel engine environments and may therefore impact the sampling process,
by competing with the aldehydes for adstion sites, reacting with the DNPH and
thereby decreasing the availability of DNPH during kegn sampling, or displace the
aldehydeDNPH derivatives from the cartridge.

Polyaromatic hydrocarbons (PAHS) are also present in diesel engine environsnants a
minor component of DEEE gases. During sampling, PAHs may be adsorbed onto the
cartridge, but should not react with the DNPH, as they do not contain the carbonyl
functional group for reaction with DNPH. The PAHs may be then desorbed along with
the aldelydeeDNPH derivatives and therefore be present in the solution that is injected
into the HPLC. These UV active compounds may therefore interfere on the HPLC

chromatogram.

The aim of this chapter is to assess the effect each of the DEEE gases have am both th
sampling and analysis of aldehydes using the DNPH method. The objectives are listed

below:

1 Setup of th&NPH method and determination of method performance parameters

for the analysis of formaldehyde and acetaldehyde in a clean environment.
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1 Determinationof the effect DEEE gases have on the chromatography during
analysiswith DNPH, whether the DEEE gases react with DNPH, or are captured
by the cartridge and present in the solution injected into the HPLC.

1 Establish the mechanism of interference of the mafpEE gases and how these
gases affect the quantification of the aldehydes, i.e. by competing for adsorption
sites, displacing the aldehydNPH derivatives, or reducing the availability of

DNPH for the derivatisation of the aldehydes i.e. consumptioimeoDNPH.

4.2  Implementation and validation

A method for the analysis of 21 carbofiYNPH derivative$’™™ was used as a starting
point in the implementation of the method. The metkegarates and analyses 21
carbonyiDNPH compounds and is 60 minutes long. Using a column with a smaller
particle size, slight difference in functionality, and shorter length, the method was
shortened to suite this application, to 15 minkgure4.1).
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Figure 4.1: Chromatogram of carbonyl-DNPH compounds

The smaller particle size in the coluif@?7 mm) increases the number of theoretical plates
due to the increase of adsorption sites on the awolurhe length of the column can

therefore be shortened, as the column efficiency would still be similar, using the same
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mobile phase flow rate. The shorter column means that the analysis time is shortened,
with the same separation achieved. The smalléicfemsize would normally increase the
pressure at which the HPLC will operate, however the column contains-Eosed
particles lowers the pressure. The column used in this application contains an amide group
in the C18 chain attached to the silica bacldyavhich makes the column more selective

for polar compounds.

A certified reference material standard (CRM) with 15 carb@iyPH derivatives was
used to determine the retention times of the each DNPH derivative, as shown in

Figure4.1.

The HPLC instrument performance data was obtained to determine if the instrument
meets the performance criteria for the DNPH method. The HPLC performance data was
determined as described $ection3.3, and the resultsra reported infable4.1. The
required performance criteria specified for formaldehyde in MDHS 102 is also listed in
Table4.1. The newly implemertd DNPH analysis methodatisfies all the requirements

for formaldehyde and acetaldehyde.

Table 4.1: HPLC performance data for the DNPH method

parameter | Lin€arty  Repeatability  Sensitivity Retention time
(R?) (RSD) ~ (mAU/(mgy/mL)) Preasion
(RSD)
Requirement >0.999 <10 % - <2 %
Formaldehyde| 0.9993 3.52 1.74 0.25
Acetaldehyde 0.9993 2.97 1.52 0.17

The combined sampling and analysis performance data was acquired next and tabulated
in Table 4.2. The LOQ, which is the lowest concentration that is quantitatively
determined, that is accurate and precise, needs to be less than 10 % of the WEL. The
required LOQ for forraldehyde and acetaldehyde is 028l 3.7 mg/my respectively,

and the methotllfils this requirement. The accuracy of the method, which is measured
by the method recovery, is shown as higher than 99 % for both formaldehyde and
acetaldehyde in a clean air environment. The impact of a combustion pollutant matrix on
the accuracy afhe method will be studied in Sectidi.1 The precision of the method

for acetaldehyde quantification is slightly higher than requirement for formaldehyde.
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Table 4.2: Sampling and analytical performance of the DNPH method
LOD 3 Method Precision
(ng/md) LOQ (my/m) recovery (%) (RSD)

Parameter

Requirement for

; - 10 % of WEL? >99 <5
formaldehydé
Formaldehyde 1.38 4.19 99 4.9
Acetaldehyde 1.48 4.49 99 6.5

aFormaldehyde WEL 2.5 mg/ni
Acetaldehyde WEL 37 mg/n?

The selectivity of the sampling and anagysmethod will be verified in Sectioh3, where
the chromatographic interferences are investigated.

4.3  Chromatographic interferences

Interferences seen on an HPLC chromatogram in the DNPH method will result from the
co-elution of the reaction products of the DEEE gases with DNPH, as wellyastteer

UV active compound that may be retained on the cartridge and desorbed with the
aldehydeDNPH derivatives. These interferences will result in the inaccurate
quantification of the aldehydes.

In the following sections the possible chromatographiafettences are explored, both
those described in literature and any other possible sources identified in the DEEE gases.
The separation of the @&arbony!DNPH compounds will be investigated along with the
stability of the acrole’DNPH derivative. Chromagwaphic interferences have already
been identified from the reaction products of 0zonez,NN®D and carboxylic acids with
DNPH, and will be studied. Possible interference from PAHs and CO, the remaining

DEEE gas components, will also be examined.

4.3.1 Acrolein

4.3.1.1Separation of C3 aldehyde derivatives

Part of establishing an analysis method is to ensure a good separation of the all
compounds in the sample. The-€&bony}DNPH compounds, which include acetone,
acrolein and propionaldehydare not separated easilgs discussed iection2.4.4

Most applications make use of tetrahydrofuran (THF) added to the mobile phase to obtain
a reasonable separation of the&BbonytDNPH compounds. However, this separation
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is often overlooked sircin most environments it is not expected to find acrolein, and

acetone is more often found.

As it was important to understand the problems with the reactivity of the acbi\gi
derivative it was necessary to optimise the method so that separatienrG#c¢hrbonyt
DNPH compounds was achieved.

The column used in this study, Ascentis ExpressAiRfde, contains a smaller stationary

phase particle size of 2rin, which improves the separation efficiency of the column.

This attribute, along with amide functionality included in the C18 carbon chain, which

i mproves the columnds selectivity feor pol ar
carbonyiDNPH derivative possible. AcrolehiDNPH elutes between aceteD&PH

and propionaldehydBNPH, as seen ikigure4.2. The resolution between the acetone

DNPH and acrole’DNPH is 2.5 and between acrolddNPH and propionaldehyde

DNPH is 2.4. A resolution larger than 1.5 is required for accurate quantification using

peak areas.
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Figure 4.2: Separation of the C3aldehydeDNPH compounds

The CRM standard that was used, containedl@cr®NPH with no excess DNPH for

adduct formation, therefore no reaction products were seen as would normally be
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expected when acrolein is present. However, on the sample cartridges and the desorption
solution, an excess of DNPH will be present. Acroigireactive, dimerising and forming
adducts with DNPH and therefore the resulting compounds and their possible interference

on the method is examined in the next section.

4.3.1.2Dimers and adduct formation

Acrolein was not included in the method validation carmoeit in Sectiord4.2 as the
method recovery for acrolein was only 2.8 %. This is due to the formation of the acrolein
dimer, 2formyl-3,4-dihydro-2H-pyran, which also reacts with the DNPH, as well as the

adduct formation as dessbed inSection2.4.3

The chromatogram obtained for the method recovery experiment for acrolein is shown in
Figure4.3. Four unidentified peaks were observed with retention tim&9%0.5, 11.7

and 12.1 minutes. This chromatogram looks almost identical to the chromatogram
obtained by Uchiyama et al. (2019)as discussed in Secti@.3 The retention times

differ as different chromatogrh conditions were used for the separations. The
difference in the peak heights may be due to the differences in the time taken between the
sampling of the acrolein and the analysis of the sample. The peaks tharefm&gned

to AD1 and AD2 accordintp the assignment by Uchiyama et al.
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Figure 4.3: Chromatogram showing AcroleinrDNPH and the adducts formed
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The peak with retention time of 11.7 minutes, labelled b, has the same retention time as
the o,m,ptolualdehydeDNPH compoundgFigure4.1), and would thus be incorrectly
identified as tolualdehydBNPH by the HPLC software.

The sum of the all 5 of the acroleaielated peaks (AcroleiDNPH, AD1, AD2, a and b)

was used to determine whether this was a better estimate atriblein recovery as
described by Schukteadbeck et al.(200313. The method recovery improved, but still not

to an acceptable level (<75 %, Secti®§). This isdue to the difference in the UV
responses that each of these compounds have, and the summation of the peaks would
assume that all the peaks would have the same UV response at 360 nm. Furthermore, the
co-elution of one of the peaks with another aldekRipddPH compound would occur in

real samples where the aldehyde composition is unknown, and would give rise to

inaccurate acrolein results.

The sample was analysed using-GIS to possibly identify the compounds, however,
the compounds were not seen on the GGrolatogram, as the compounds are very large

and therefore probably not volatile enough for GC analysis.

4.3.2 Ozone
According to work done by Achatz et al.(1999)zone reacts with DNPH to form 8
products, three of which were identified to be-@iditrophenol, 2,4dinitroanaline, and

1,3-dinitrobenzene.

NO,
NH,
O,N
NO, 2,4-dinitroaniline
H NO,
NJ
NH, 05 OH
—_
O,N
O,N

DNPH .
2,4-dinitrophenol

NO,

O,N

2.,4-dinitrobenzene

Figure 4.4: Ozone degradation products of DNPH’
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In this study, the DNPH cartridge was bis&d after it was exposed to ozone (569l
ozone, equivalent to 116r&)/m* 8 hours TWA), revealing the presence of eight peaks,
with various UV maxi ma. The peaks were
maximum and relating to those found by thehatz et &', the peak allocation is shown

in Table4.3. The comparisont®ws that similar DNPH degradation products have been
observed, although the compounds may lexahangegbositions on the chromatogram,

due to the difference in chromatographic conditions.

The sample was analysed by ®MS and the presence of the threerdégtion products,

2,4-dinitroaniline, 2,4dinitrophenol and 2 linitrobenzene were confirmed. Several

siloxane compounds were also seen, indicating that the ozone is possibly also degrading

the silica gel sorbent of the cartridge.

The reaction of the ane with DNPH results in the 8 products, and it was observed that

the DNPH peak decreased in size to about 28.6 % of the available DNPH. This severely

reduces the capacity of the cartridge for the analysis of carbonyls, and a sampling period

of 8 hours wil not be achievable in the presence of ozone, as all the DNPH will have

reacted with ozone.

Table 4.3: Chromatographic data of DNPH degradation products and comparison
with results obtained by Achatz et aF’

Current experimental results Results from Achatz et al.

Rt ma>l<Jir\r/1um _ Peak Rt ma;:\n/mm _ Peak
(min) (nm) identification (min) (nm) identification
0.94 363 2,4-Dinitrophenol 1.2 338
1.48 335 2,4-Dinitroaniline 1.6 360 2,4-Dinitrophenol
2.93 263 1,3-Dinitrobenzene 2.0 342 2,4-Dinitroaniline
3.16 245 2.2 260
3.31 342 2.4 238 1,3 Dinitrobenzene
3.94 311 2.7 347
4.53 259 3 308
9.67 430 9.3 430

The use of a Ktartridge is recommended in MDHS 20fr the removal of ozone from

the samfed air before reaching the DNPH cartridge. The cartridge is placed before the
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DNPH cartridge during sampling. The Kl cartridge requires a relative humidity of
between 20 and 80 % for the effective removal of the ozone from the sampieditadr
Kl reacts with ozone, in the presence of water, to form oxygen, potassium hydroxide and

iodine as Bown in reaction equation [16elow:

6 000603 VGO0 [16]

4.3.3 Nitrogen oxides

Nitrogen dioxide is a major component of DEEE gases either as a primary or secondary
pollutant, especially when the engine does not have an after treatment system, to remove
the NQ. The DNPH cartridge was exposed to 0.188 mg of (¢Guivalent to 0.39 mg/n

over 8 hours, representing typical N@oncentrations in a polluted workpla&®, after

which the cartridge was desorbed with acetdejtand the eluent was analysed on HPLC

and GC.
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Figure 4.5: Reaction products of NQ with DNPH

As previously reported byd&er and Karst (1998, DNPA was the major product that

had formed on the cartridge, and observed on the HPLC chromat@gmame4.5), at a
retention time of 4.1 min. The identity of the peak was confirmed to be DNPA with GC
MS analysis. Using this HPLC method there is a baseline separation of the DNPA from
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the formaldehyd®NPH peak which ensures that the compound poses no

chromatographic interference on the quantification of formaldehyde.

The GGMS analysis also identified-ditrobenzoic acid and 1-@nitrobenzene (also a
reaction product of ozone with DNPH) in the sample, asti@aproducts of N@with

DNPH, but at much lower levels than the DNPA in the sample. Two peaks were observed
on the chromatogram at 308 nriidure 4.5), which were identified to be 24
dinitrophenol, 2,4dinitroaniline and 1,&linitrobenzene according to their retention
times, as assigned in Sect#3.2 Therefore these are also reaction products i

DNPH, similarly to the reaction products of ozone. These compounds are not visible on
the chromatogram at 360n (Figure4.6).Ei t her one of t hée @ eiark s
Figure4.5 andFigure4.6 could be assigned to theritrobenzoic acid. These peaks are
visible on the chromatogram at 360 nm, a
with the quantification oformaldehyde, which would result in the overestimation of the

formaldehyde concentration in the sample.
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Figure 4.6: HPLC chromatogram of the reaction products of NG with DNPH,
DNPA

A DNPH cartridge was»@osed to 0.123 mg of NO gas (equivalent to 0.26 ragffO

over 8 hours) and eluted afterwards with acetonitrile, which was analysed by HPLC and
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GC-MS. Both the HPLC and G®MS analysis methods did not detect any reaction
products of the NO with the DNPHhe concentration of the unreacted DNPH did not
decrease after exposure to NO, therefore no reaction with DNPH occurred. This
contradicts the literature that reports that NO does form reaction products with DNPH.
However, the reasoning required the cosiar of NO to NQ before the reaction would

take place.

4.3.4 Carboxylic acids

Carboxylic acids contain a carbonyl group that may react with the DNPH, although the

stability of the carboxylic acid, makes the reaction less likely. Carboxylic acids are a

minor conponent of DEEE gases, and therefore will probably be captured by the silica

gel cartridge. It is therefore necessary to determine whether the carboxylic acids will react

with the DNPH during sample transport to the laboratory and storage.

A solution contaning ca. 50 mg/L of formic and acetic acid in water (equivalent to 104
mg/m? formic or acetic acid in air), respectively, was spiked onto a DNPH cartridge and
left to react with the DNPH for 72 hours. The cartridge was stored in a fridg&€at 5
during ths time, which is the storage condition for the cartridge before analysis. The
cartridge was desorbed using acetonitrile and the eluent analysed on HPLC and GC. No
reaction products of the carboxylic acids with the DNPH were observed. According to
the litemture report the carboxylic acids did react with DNPH aC8&fter 5 hours, and
therefore could be quantified in this W&y The reaction of the carboxylic acid with the
DNPH also requires the presence of a strong acid, whiphesent on the cartridge.
However, under normal (ambient and refrigerated storage) conditions, it is unlikely that
the carboxylic acids would react with the DNPH, as has been confirmed with this

experiment.

4.3.5 Polyaromatic hydrocarbons (PAHS)

PAHs form a mino part of the exhaust emissions, however, as they could possibly be
trapped by the DNPH cartridge, they may be present in the acetonitrile eluent that is
injected for analysis. PAHs have a strong UV response due to the delocalised electrons
around the aroatic rings, and therefore may be detected during the analysis of the

aldehydeDNPH sample solution.
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A diluted PAH standardSection3.2) was injected onto the HPLC using the DNPH
method conditions, to determine whether these compounds will interfere

chromatographically.

The chromatogram obtained at 360 nm for the PAH standard is gi#eguire4.7, shows
that anthracene elutes between propionaldel®dEH and crotonaldehyel@NPH.
However, benz(a)anthraceneelites with butyraldehyde. The interference is not on the
main aldehydes of interest, formaldehydeetaldehyde and acrolein, and therefore, for

now there is no major concern.

The PAHs do not react with DNPH, and therefore no other form of interference is

expected.
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Figure 4.7: Chromatogram of the PAH standard and aldehydeDNPH standard

4.3.6 Carbon monoxide
Carbon monoxide is present in the DEEE mixture and other combustion processes

because oincomplete combustionCarbon monoxide is a reactive compound as it
contains a carbon oxygen double bond, ancetbee could have an effect on the sampling
of aldehydes using the DNPH method, by reacting with the DNPH.
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CO and DNPH reaction product
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Figure 4.8: Chromatogram of CO and DNPH reaction product

On exposure of a DNPH cartridge to 0.23 mg of carbon monoxide gas (equivalent to 0.48
mg/m? over 8 hours), it was observed that the cartridge turned from yellow to white,
indicating that a reaction occurred. The acetonitrile eluent was analysed on HPLC and a
peak with the same retention time (7.26 min) as acedbofieH was observed as shown

in Figure4.8. Acetone was not present in thas mixture that was pumped through the
DNPH cartridge, therefore the reaction product of CO and DNPé&lutes with acetone
DNPH. The reaction product of CO and DNPH will therefore interfere with the
guantification of acetone in the sample. No other pelasides the DNPH peak were
detected in the sample. The UV spectra of the acdddifeH and the CEDNPH reaction
product were compargéFigure4.9) andare also almost identical.

The eluent containing the reaction product was then injected od &© identify the
compound. Only one compound, besides the unreacted DNPH was identified on the GC
chromatogram. The mass spectrum obtained focéhgpound is shown iRigure4.10,

and the fragmentation pattern compares well with the fragmentation pattern of acetone
DNPH.
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Consequently, the reaction product of CO and DNPH would result in a peak that would
be mistaken for acetorl@NPH, and therefore result in an overestimation of the acetone

concentration in the sample, if acetone is one of the compounds to be quantified.

4.4  Interferences during sampling

It has been established that there is nelation of the reaction products of NO, N@nd
CO and DNPH with the formaldehydeand acetaldehydBNPH peaks on the
chromatogram. However, NO, N@nd CO can possibly affect the measurement of

aldehydes by the DNPH method in the following ways:

1 Competing for adsorpin sites during sampling

1 Consumption of the DNPH, reducing the capacity for the aldehydes

1 Displacing the aldehyd®BNPH from the cartridge

1 Reversible reaction of DNPH with the carbonyls.
The aldehydes are captured by the silica gel substrate due tofihay #irough polarity.
The aldehydes then react rapidly with the DNPH, which is present as a coating on the
cartridge. In the case of sampling in a polluted environment, NQ, G and aldehydes
will be drawn simultaneously into the DNPH cartridge. M@, and CO could compete
with the aldehydes for adsorption sites on the silica during the sampling, and trigger the
release of the aldehyde before reaction with DNPH, or already formed alelehirie
from the cartridge. The gases could react with the DNPHhe aldehydéONPH, the
former reaction resulting in a decrease of the capacity of the cartridge, and both reactions
causing the method recovery to be poorer. In the following sections, the effect of NO,
NO2 and CO on the measurement of aldehydes by theHDmethod will be evaluated
for their effect on the sampling of aldehydes with the DNPH method.

Ozone was not included in the experiments as the effect will not be seen as a Kl cartridge
is used to remove the ozone from the sample matrix. The KI cartt@ggenot have any

effect on the other gases, which pass through the cartridge unchanged.

4.4.1 Effect of gases on aldehyde capture and retention on the cartridge

To determine the effect that each individual gas has on the capture of the aldehydes, the
simple smulation chamber wassed (Sectior3.7.1), and each gas (NO, N@nd CO,
respectively) was introduced through to the bulb and pumped through the cartridge, along

with the volatilised aldehydes through to the DNPH cartridgevtiagtconnected to the
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bulb. The cartridge was eluted with acetonitrile and the eluent analysed with HPLC. The
method recovery was used to determine the accuracy of the DNPH method in the presence
of each gas, using the equation for method recoy®egtion3.9. The results are
presented irFigure4.11. In the absence of any NO, N@nd CO gases, the aldehyde
recovery was >99 % for each aldehyde.

Formaldehyde capture was affected by the presence of all three bases/er in
different ways. Nitrogen oxide reduced the amount of formaldehyde recovered by the
DNPH method significantly (p < 0.00001). As nitrogen oxide does not react with DNPH
(Sectiord.3.3 itis not due to a lack of tHeNPH capacity, and therefore NO is competing
with formaldehyde for adsorption sites on the silica gel sorbent during sahplifige

NO may also be displacing the formaldeypldPH from the cartridge, although this is
less likely as formaldehyedleNPH is not very volatile.
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Figure 4.11: Effect of NO, NOz2 and CO on alcehyde capture

Carbon monoxide also reduced the amount of formaldehyde recovered, for similar
reasons as stated for nitrogen oxide. However, carmroxidedoes react with DNPH
(4.3.9, and therefore it reduces the amount of HbNavailable to react with the
aldehydes. As the reduction effect was seen only for formaldehyde, it appears that the CO

competing for adsorption sites on the cartridge is the major cause for the lower recovery.
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The reaction product of the CO with the DNRtdy also be displacing the formaldehyde
and formaldehyd®NPH from the cartridge.

A slightly overestimated result for formaldehyde recovery was seen in the presence of
NO.. This is possibly due to the formation of thaitobenzoic acid (Sectioh 3.3 as a

result of the reaction of NOwith DNPH, which possibly celutes with the
formaldehydeDNPH peak. The overestimation is unexpected as the molar absorptivity

of the compound is low at the analysis wavelermftB60 nm.

The acetaldehyde recovery was less affected by the presence of NO, CO atitNO

still gave an underestimated value for acetaldehyde concentration in the sample. The NO,
NO2 and CO gases are also competing with the adsorption of acetaldamgydbe
reaction products are also probably displacing the acetaldéhy@é! from the cartridge

during sampling.

To determine the whether the NO, N@nd CO gases displace the already formed
aldehydeDNPH compounds on the cartridge, the aldehyde solutemdirectly spiked

onto unused DNPH cartridges and given time to react with the DNPH (30 minutes). Each
gas (NO, N@ and CO) was pumped through a cartridge containing aldehixiH
derivatives respectively. The cartridges were eluted with acetonitrilgm@@pdred for

HPLC analysisFigure4.12 shows the results for the experiment.
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Figure 4.12 Effect of gas on aldehyde derivatives displacement from the cartridge
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The results show that the three gases have an effect on the retentioralofethale

DNPH derivatives on the DNPH cartridge. The decreased recovery of formaldehyde and
acetaldehyde in the presence of NO and:N@icated a mechanism of the gases
displacing the DNPH derivativesoin the cartridge is possible. In this experimeng, th
aldehydes had already reacted with the DNPH to form the derivative, which is not very
volatile. However, the derivatisation reaction is reversible, as is sdggure2.1. The

forward reaction is catalysed by the presence of the acid on the cartridge. It is probable
that the gases are causing the reverse reaction to occur, by reacting with the acid, thereby
reducing the acid present. Therefore the aldel3d@H is folowing the reverse reaction

and breaking up into the original gas and DNPH compounds, and consequently the
aldehydes could be lost from the cartridge. The aldehyde recovery results in the presence
of CO show a complete average recovery of formaldehyde asetaldehyde
(Figure4.12), however the large variance in the recovery results indicates that the CO is
interfering with the recovery of the formaldehyde and acetaldehyde thereby reducing the

robustness factor of thelgorption.

4.4.2 Consumption of DNPH by diesel engine exhaustges

One of the identified mechanisms for interference of the DNPH method, is the reaction
of NO, NG and CO gases with the DNPH, thereby consuming the DNPH and decreasing
the capacity of the cartridge. To quantify this impact, the consumption of the MSBH
calculated by determining the amount of moles of DNPH consumed for every mole of

gas the cartridge is exposed to.

The results from the experiments performed in Secfi@3 and 4.3.6 were used to
calculate the amount of DNPH consumed. The results are preseigdire4.13, and
shows that the most reactive compound, ozone, consumes the mostgeNRidle of

the gas. As NO does not react with DNPH, it does not consume any of the DNPH.
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Figure 4.13: DNPH consumed per mole gas

From these results it seems that the ozone would have the largest ampaetDNPH
cartridge during an 8 hour sampling period. The use of an ozone removal cartridge, such
as the Kl cartridge, therefore becomes essential and is included in the method
descriptio®. The amount of DNPH consuh®y the interfering gases, which are based

on the scenario of the gas concentrations at the upper limit of the workplace exposure
limit, has been calculated from this défable4.4).

Table 4.4: DNPH consumed by DEEE gases

Gas NO CO NO2
mol DNPH / mol gas 0 0.28 0.52
WEL (mg/m?) 2.5 23 0.9
DNPH consumed (mg) 0 21.8 1.01

It is clear that although NKzonsumes the most DNPH per mole of the gas, due to the
higherconcentrations of CO in the WEL limit in diesel engine exhaust environments, the
CO requirement for DNPH is the highest. The high CO concentrations-ioaaffdiesel

engine environments are anticipated, where very often no exhaust aftertreatment devices

are fitted. The popular choice of DNPH cartridge, contains 1 mg DNPH per 350 mg of
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silica gel on the cartridge. The N@quires this amount of DNPH alone, and therefore

this cartridge is inadequate for sampling in a diesel engine exhaust environment.

An equation to calculate the minimum capacity required of the DNPH cartridge for the

sampling of the aldehydes in a polluted environment is given in Equatibalow.

. , Osp O Ooti @ 05 h0o [17]
Uospo OWQ ganag ., @ w o
Ulsy U g g Ulogia Ulsgao

Where:

mpnpH = Mass DNPH required (mg)

Vsample= Total volume of the sample @rn(Flow rate (n¥/min) x time (min))
Cx = Expected concentration of the relevéftgas (mg/m)

Mrx = Molar mass of the relevant gas (g/mol)

a, b= Moles of DNPH consumed per mole of the relevant gas

This equation can be used to determine the amount of Di¢Btired for sampling
aldehydes in a polluted environment. The constant of 396 is made up of the molecular
weight of DNPH (198 g/mol), and a factor of 2, to ensure adequate capacity for
unknowns, such as other carbonyls that may be present. By incréesgapacity of the

DNPH cartridge, the recovery of the aldehydes will be improved. However, this will not
compensate for the effect that the gases have on the quantification of the aldehydes, due
to competition for absorption sites on the cartridge, dmdréversing of the DNPH
derivatisation reaction with the aldehydes.

4.5  Cost of increasing capacity

The capacity of the cartridge appears to be a major contribution to the failure of the DNPH
method, and therefore needs to be taken into consideration. Asmeeihpreviously, the
popular DNPH cartridge choice has 1 mg of DNPH on 350 mg of chromatographic grade
silica gel, which equates to 0.29 % (m/m) DNPH loading. The capacity of the cartridge
for formaldehyde is specified by Supelco as approximatehg?®hich would therefore
reacted with half of the DNPH on the cartridge (0.5 mg). The stoichiometric ratio of
DNPH to formaldehyde is 1:1, therefore the capacity of the cartridge for formaldehyde is
calculated to be 50 % of the DNPH available on the cartfoigesaction.
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There are several strategies that can be used to increase the capacity of the sampling

method, including the following:

1 Using more cartridges

1 Increasing the size of the cartridge

1 Increasing the DNPH loading on the cartridge

1 Decreasing theasnpling flow rate
An environment where diesel engines are being used in an confined space with the
average concentrations of NO, Nénd CO are 1.5, 0.56, and 5.75 mitespectively,
is used as an example for illustrative purposes (typical concentratiche London
Underground’®). The concentrations of formaldehyde and acrolein of 2.5 and 0.05’mg/m
(UK HSE WEL), and acetaldehyde at 2.@/m® have been estimated. The calculated
amount of DNPH required for sampling, as showitable4.5, at a sampling flow rate
of 1.0 L/min for 8 hours, will be 18.4 mg of DNPH. When taking into account that a
capacity of 50 % of the available DNPH may be required, the total amount of DNPH
required on the cartridge is 36.8 nigble4.5).

Table 4.5: Calculation of DNPH requirement in diesel engine environment

Average Mass DNPH Mass DNPH
Gas concentration required at required at
(mg/md) 1.0 L/min (mg) 0.1 L/min (mg)
NO:2 0.56 0.6 0.06
NO 15 0 0
CO 5.75 55 0.55
Formaldehyde 2.5 7.9 0.79
Acetaldehyde 2.0 4.3 0.43
Acrolein 0.05 0.1 0.01
Total 18.4 1.84

The number of cartridges required to obtain the necessary DNPH capacity is edlculat
by taking the required amount of DNPH, 36.8 mg, and dividing it by the amount of DNPH
on the cartridge. The number is rounded up, and then one cartridge is added as the

breakthrough cartridge.

The sampling flow rate can be up to 2.0 L/min. The higherflow rate, the larger the
sample volume and the faster the cartridge DNPH will be depleted. Hence, lowering the
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flow rate requires less capacity. However, most personal sampling pumps have a flow
range of 0.5 L/min to 5 L/min and special attachmentseayeired to lower the flow rate
to 0.1 L/min. By lowering the flow rate, and therefore the sample volume, the sample

becomes less representative of the air.

The first option is to add enough cartridges to manage the capacity requirement. In this
example,a total of 38 cartridges is needed. The cartridges are connected in series, and
therefore would make the sampling setup impractical for personal sampling. Increasing
the size (silica gel content with the same DNPH loading) or the DNPH loading, decreases

the number of cartridges required, which makes the sampling setup more manageable.

Table 4.6: Amount of cartridges needed and cost of increasing capacity

Option 1.0 L/min 0.5 L/min 0.1 L/min
(Cartridge, DNPH Cost Cost Cost
loading %, mass Si) Amount ) Amount ) Amount )
Cartridge with
breakthrough 2 14.36 2 14.36 2 14.36
(standard)

Increase number

of cartridges (S10, 38 265.66 20 143.60 5 35.90
0.29%, 350 mg)

Increase DNPH

loading (H10, 0.86 14 161.56 8 92.32 3 34.62
%, 350 mg)

Increase size of

the cartridge 6 147.00 4 98.00 2 49.00
(H30, 0.86%, 1 g)

Increasing the size

i 1S GEAIMElTE 1 56.90 1 56.90 1 56.90

(H300, 0.86%,
10 g)

Increasing the cartridge size or using more cartridges also increases the amount of solvent
required for desorption of the aldehyD& PH derivatives from the cartridg&he waste
generated also increases and consequently increases the cost of ahadysis.
importantly, the amount of hours required for the sample preparation in the laboratory
will increase. When having to elute more than 10 cartridges, the time spsaimpte
preparation doubles, increasing the cost of analysis considerably. The larger cartridges

(1g, and 10g) also require more time for elution of the derivatives from the cartridge,
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making the analysis more expensive. This cost could easily overshadmast of the

cartridge, and therefore also needs to be taken into consideration.

The strategies for increasing capacity by increasing the number of cartridges, increasing
DNPH loading or cartridge size, and lowering the sampling flow rate have be&aidds

in Table4.6. The increase in the cost of each option is shown. The cost shown in the table
only takes into account the cost of the cartridges. Solvent and waste handling were not

included, as these would proportionally increase as well.

The use of impingers fopersonal sampling were considered. The impingers would
contain solvent, which could introduce anothe
event of breakage. However, the DNPH capacity can be easily be increased by increasing

the concentration of DNPH solution, without having to increase the sampling train size.

The last alternative is to replace the derivatisation agent withanhis less reactive with
NO, NG and CO. This alternative will be investigated in the following chapter.

4.6 Conclusion

The DNPH method has been shown to be subject to chromatographic interference from
the reaction products from ozone, Néand CO. Using newer column technology, the
resolution of the interfering peaks from the aldeRipddPH peaks is improved, and
therefore elinmates the chromatographic interference. Therefore, the reaction product of
NO2 with DNPH, DNPA, does not interfere with formaldehydslPH, and the C3

carbonyiDNPH peaks are completely resolved, without the use of THF.

Although the problem of chromatogtaic interference from the reaction products of the
DEEE gases with DNPH on the aldehyldBPH peaks has been resolved, these gases
also interfere during the sampling process by competing for adsorption sites on the
cartridge. Also, the gases displace alsiehydeDNPH derivatives byossiblyreacting

with the acid catalyst on the cartridge, and subsequently allowing the reversal of the

derivatisation reaction.

Evaluation of the acrolein quantification showed very similar results to previously
reported work For that reason, it will be necessary to further investigate the stabilisation
of acrolein during sampling, or to find an alternative derivatisation agent that is not prone

to adduct formation, as is seen with DNPH.
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The reaction product of CO with DNPHesembles acetori@NPH in all aspects
investigated (retention time, UV spectra and MS fragmentation patterns). Further
characterisation, using Nuclear Magnetic Resonance (NMR), is required to positively
identify the compound. It was also established thdad&éaptured on the cartridge would

not interfere with analysis, and that it was unlikely that any carboxylic acids present
would react with DNPH.

The reaction of N@ and CO with DNPH reduces the available amount of DNPH
(capacity) on the cartridge for deatisation of the aldehydes. Due to the probable higher
concentrations of CO in a DEEE environment with no aftertreatment systems in place,
the capacity of the cartridge is severely affected by CO, although the reactivity with
DNPH is lower than for N® In combustion environments it is therefore necessary to
take into account the concentration levels ofo:Nd CO, along with the expected
concentrations for formaldehyde and acetaldehyde, when the required capacity for the
sampling cartridge is calculatedny alternative derivatisation reagemntsnsidered
should have a low reactivity with NO, NOand especially CO, for use in polluted

environments.

Several strategies for increasing the capacity for sampling with the DNPH method were
explored, and is podde, but these increase the cost of the cartridge, solvent for
desorption and waste handling. Yet, addressing the capacity of the sampling method does

not solve the reactivity of acrolein and the subsequent adduct formation.

The first objective, to identyfthe limitations and interferences of the DNPH method was
met in this chapter. It was confirmed that ozone and diDld cause chromatographic
interference on the aldehyddNPH chromatogram. For the first time, CO was shown to
react with DNPH and interferwith the determination of acetone. One of the major
mechanisms of interference with the quantification of the aldehydes is the destruction of
the DNPH by N@and CO. These findings reveal a potential risk of the underestimation
of formaldehyde and acetldhyde measurements in a polluted workspace such as a diesel

engine operated environment whereN@d CO concentration levels could be high.
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Chapter 5
Evaluation of alternative derivatisation reagentsfor the derivatisation
of aldehydes

51 Introduction

The DNPH method is able to measure the aldehydes to the required workplace exposure
limits, however, the method has problems in polluted environments that contaandO

CO, as shown in the previous chapter. The gases, i.eahNDCO, react with the DNPH

to form products that interfere with the chromatographic analysis of the aldehydes. The

reaction of these gases with DNPH also destroys the DNPH thereby reducing the capacity
of the DNPH cartridge for the aldehydes. Along with NO, these gases also compete with

the aldehyde adsorption onto the cartridge during sampling. CO plays a major role in the

DNPH measurement discrepancy, which has previously not been taken into account. It is
therefore necessary to investigate alternative methods of measurement oéliyelesd

in polluted environments.

The use of spectroscopic methods are not practical for personal sampling and
guantification of aldehydes in a workplace environment, as the instruments are not
portable. Spectroscopic methods are a less ideal alternatithe asstrumentation is
expensive, and need accesattedicated space with electricity. This makes the use of
sampling cartridges preferable for personal sampling, especially in mobile work

environments, such as underground train track maintenance sites.

It is therefore necessary to study alternative derivatisation reagents taking into account
the knowledge gained on the DNPH method, i.e. reactivity of the derivatisation reagent
with pollution gases, which subsequently interfere with sampling and analyse
criteria for choosing an alternative derivatisation reagent for the measurement of the
aldehydes would include a low reactivity with NO, N&hd CO, as well as the reaction

with acrolein and the stability of the derivative that is formed.

The majorreason for using a derivatisation reagent for HPLC analysis, is to add a
compound that is detectable by the detectors used for HPLC, making the method more
sensitive for the aldehydes. The derivatisation of tdelgides for GC analysis, is to
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ensure thetability of the compounds while keeping the compounds volatile enough for

analysis.

Various derivatisation reagents have previously been evaluated for the analysis of
aldehydes, as discusseddhapter 2Each study evaluatedd derivatisation for reasons
such as the improvement of the analysis of acrolein, the low reaction rate of the
derivatisation reagent with ozone and nitrogen dioxide, or the reaction of NOardiO
ozone with the derivatisation reagent and the subseqotarference the resulting
compounds have on the quantification of the aldehydes. However, the derivatisation
reagents have not been evaluated for their performance in polluted environments with CO
present. The reactivity of the derivatisation reagents WD, NQ and CO has also not
been quantified, and therefore it is not known to what extent the gases destroy the

derivatisation reagent.

A possiblealternative to the derivatisation of the aldehydes is to oxidise the aldehydes to
their corresponding carlaglic acids. Oxidation of the aldehydes to the corresponding
carboxylic acids will achieve a similar goal as the derivatisatifotmne aldehydesThe
carboxylic acids are easily analysed in their ionic form on ion chromatography (IC) using
an anion exchamgcolumn and is a sensitive method for the analysis of formate and
acetaté’®. The carboxylic acids are also less volatile than thehgides, ad therefore
makethe samples more manageable. The IC method also only uses aqueous buffers,
which are easily disposed of or the water could be cleaned up using ion exchange resins
and distillation.

The oxidation of the aldehydes to carboxylicdsccould be achieved using a substrate

coated with an oxidising agent. An oxidising agent is a compound that oxidises another

compound, while itself is reducEd Several chemical compounds were considered as

options, mmely ROz, K2Cr.07, CuCk and KMnQ. The compoundébés reduct
reactions are shown rable5.1, along with their standard potentials. Standard potentials

indicate the strength of the oxidising agent, with a higher positive potential indicating a

stronger oxidising agent. A few other compounds are also included in the table for

illustrative puposes.

The strongest oxidising agent is ozone, however, this is also one of the gases that is
expected to present in a polluted environment. It also cannot be used to coat a solid

sorbent for a cartridge. All of the oxidising agents considenecept theCuChk requires
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the presence of hydrogen ions for the oxidation of the aldehydes to take place, and
therefore an acid should be present as well. Some of the oxidising agents also undergo a
colour change during the oxidation process. The dichromate ieg®£Qrstarts out as an
orange compound, and after being reduced, the chromium will be in 3+ oxidation state,
which has a green colour. The purple permanganate becomes a pale pink when reduced.
The CuCit crystals are blue in colour, and after being reduseliid copper is formed,

which is a dark red colour. The colour change may be useful in the use of cartridges,

however, it isnb6t an essenti al property

Table 5.1: Standard Reduction Potentials in aqueous solutions at 2618°

. ) Standard Potential
Reduction Half-Reaction

Ex (V)
5 Q c¢O &R cQz O "Q 'O & 2.07
"YO wn ¢z Y @R 2.01
00 ®n ¢O wn ¢Q z ¢O0 & 1.78
D& wn Yo don vQz0¢& ®wnR 1TOL & 1.49
0i0 wn ptO wn eQ z ¢o6i wn OO0 a 1.33
00 wn 10 ®n 0dQz00Q ¢O0L a 0.96
0060 wn ¢Q z 6 oi 0.34

The use of dichromate is not ideal because it is highly toxic, althodgis@n essential
element needed for life, and invotvén glucose metabolism in huma#s therefore it
will not be testedPermanganate is unstable in the presence of al¥aeidd decomposes
to form MnQ. This propertywill need to be taken into consideration when the stability
of a cartridge coated with permanganate is determin&d/ifO4 is used as an oxidising

agent.

Hydrogen peroxide is a strong oxidising agent in both acid and basic solution
environments. Oxidatio with H:O2 in a basic environment is faster than when the
environment is acidic, and therefore decomposition of the compound occurs rapidly in
basic solutiofl. H.O; is reduced to water, and therefore was cha@sethe oxidising

agent to be used for the oxidation of the aldehydes to carboxylic acids for analysis using
IC.
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The oxidation of the aldehydes by hydrogen peroxide proceed as follows:
‘060 00 00 z 00 U U OO0 [18]

6’006 00 "O0 z 606 U U OOV [19]

Acrolein is oxidised to acrylic acidimilarly to acrolein, acrylic acid has a tendency to
polymerise, making this oxidation method less than ideal for the analysis of acrolein. It

is unlikely that this method wadilbe used for the analysis of acrolein.

This chapter evaluates various derivatisation reagents for their suitability as an alternative
to the DNPH method for the analysis of formaldehyde, acetaldehyde and acrolein in

polluted environments where NO, N@ndCO are present.

The aim of the chapter is therefore to choose an alternative derivatisation which would
perform well in a polluted environment, and form a stable derivative with acrolein. To

achieve this, the objectives are listed below:

1. Choose the deratisation reagents for evaluation based on the information from
literature and criteria set.

2. Evaluate the various derivatisation reagents by identifying any chromatographic
interferences from the reaction products formed when reacting with Ne@amnND
CO, and possible identification of these reaction products.

3. Quantification of the destruction of the derivatisation reagent by NQ, a%@

CO.

4. Choose a candidate method for the analysis of aldehydes in polluted
environments, and determine the analytical perforce of the method, and
compare it to the DNPH method analytical parameters.

The results presented in this chagdterthe oxidation of the aldehydese preliminary
results. This method was not successful in the quantitative analysis of the aldehydes,

however, it may be possible to make improvements to the method to make it successful.

The reaction of the derivatisation reagents with ozone was left out of the study, as ozone
is known to be extremely reactive with most compounds and would therefore rémact w
and destroy the derivatisation reagents. The use of a Kl cartridge for the removal of ozone
during sampling is well established, as discussé&thapter 2and therefore any method

that is chosen for the sampling of theeddgides will include the use of such a cartridge.
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5.2  Screening of alternative derivatisation reagents

The purpose of derivatisation of the aldehydes is to improve the selectivity of the analysis
methods for the aldehydes and thereby also improving the sépsifithe method by
several orders of magnituie As the detector commonly used for HPLC is UV, the
derivatisation reagent should canta chromophore. The DNPH molecule contains two
chromophore groups, an aromatic ring and a hydrazine functional group. Many of the
proposed derivatisation reagents in literature also contain these functional groups. A
derivatisation reagent for GC analysisually is used to improve the thermal stability of

the compound. In the case of GC analysis of aldehydes, the preferred derivatisation
reagents were chosen not only to improve the thermal stability of the aldehydes, but to

also add a selective label fdetection using mass spectrometry (MS).

Many chemicals have been considered for the derivatisation of aldehydes for sampling
and quantification purposes, as discussedhapter 2Similarly to the literature on the
DNPH method, these derivatisation reagents have not been extensively investigated in
terms of the reactivity with NO, N&nd CO. The alternative derivatisation reagents were
chosen because it specificallyaoted with N@ and ozone to form the same reaction
product, therefore making it easier to deal with the chromatographic interfé&rénte

A key factor in the DNPH sampling systemGhapter 4vas shown to be the effect that

NO, NG and CO have on the destruction of the derivatisation reagent. However, the
reaction of NO, N@and CO with the alternative derivatisation reagents have not been

quantified.

Along with the reactivity ofie DNPH with the polluting gases, the reaction of DNPH
with acrolein to form the acroleidDNPH derivative as well as some adducts, causes
problems for the quantification of acrolein. Therefore, it is essential to find a

derivatisation reagent that will ior one stable derivatisation product with acrolein.

A critical evaluation of any derivatisation reagent used for the measurement of aldehydes
in polluted environments is essential. The initial choices will be based on information
gained from literature, whh is summarised ifiable5.2. The following criteria will be

used to choose candidate derivatisation reagents for further evaluation:

1 Ease of use of the derivatisation reagent or possible problems associatie with
use of the derivatisation reagent.

1 Commercial availability and the affordable cost of the reagent
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Formation of a single stable derivative with acrolein (includesnd Zisomers)
Formation of reaction products of the derivatisation reagent with NQ,axN@
CO which may interfere with the aldehydeso

1 Relatively short reaction time for the derivatisation of the aldehydes

5.2.1 Difficulties encountered with the handling of derivatisation reagents

The DNPH method has difficulties quantifying algidhs in environments containing
ozone, CO, NO, and NQand it has been shown that sampling for longer than 6 hrs
causes a low recovery for acetaldehydeFurthermore, the reaction of acrolein with
DNPH forms not only the derivative, but also several adduddNPH is a desensitised
explosivé®? and therefore requires that cartridges be stored in refrigerators, with

regulations governing the storage of the chemical in the laboratory.

Although the DNSH method is a good candidate basethe applicability to acrolein
analysis, DNSH and its derivatives are prone to hydrolysis and the derivatives decompose
after 15 minute® 14 12 The samples would therefore degrade during the 8 hour
sampling time and therefore the stability of samples are questionable, and excludes the
DNSH method from té study.

Using 2HMP is the alternative method for measurement of acr|diowever several
repats of high background levels of formaldehyde and acetaldehyde have beeft made
116120 The high background levels increase the limits of detection and quantification for
formaldehyde and acetaldehyde, and therefore makes the method unsuitable for low level
guantification of these compounds. This eliminaté$\2P as a candidate derivatisation
reagent.

MNBDH derivatives are reported to be unstable if?4and t herefore woul dn
suitable for sampling times of 8 hours, and will therefore not be considered further. Not

only is UDMH toxic and harmful to the environment, but it also reacts with oxygen and

carbon dioxide to fon dimethyl nitrosamine, which is also to¥i¢ The reactivity of

UDMH with oxygen and C@®would further increase the destruction of tiBMH,

thereby lowering the capacity of the method for aldehydes derivatisation. UDMH is

therefore also excluded from the list of candidate derivatisation reagents.
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Table 5.2: Summary of the derivatisationreagents considered for the measurement of aldehydes

Shorthand name Reactivity with acrolein

Problems identified in literature

MDNPH

MNBDH

DNSH

PFPH
PFBHA

2-HMP

MDMNTH

UDMH
HBA
MBTH

DAIH

NBEA

Cysteanine

Unknown

Possible with a pH
adjustment

Reacts with acrolein

Reacts with acrolein
Stable derivative formed

Recommended method

Unknown

Unknown
Unknown
Unknown

Possible with a pH
adjustment

No reaction

No reaction

Reaction products with NO, NQ, Reactivity with  Availability
CO and ozone the aldehydes  and cost (£/g)
Same reaatin product formed with . Synthesis
20 minutes q
ozone and N@ required
Same reaction product formed with 150 seconds 3220
ozone and N@
Unknown 10 minutes 264
3 days
Ozone destroys PFPH 6.89
(24 hours at 60°C
Unknown 15 minutes 57.40
Unknown 16 hours 8.98
Same reaction product formed with . Synthesis
30 minutes .
ozone and N@ required
Unknown 20 minutes 0.41
Unknown 15 mini 4 hours 3.19
Possible interference observed 50 minutes 6.62
qune.destroys DAIH and aldehyd(60 minutes 131.50
derivatives
Unknown Fast 1.53
Unknown Fast 7.12

Low recovery for acetaldehyde

Low recovery for acetaldehyde
Derivatives are unstable &ir
Prone to hydrolysis

Derivatives decompose after 15 min

High background levels for
formaldehyde and acetaldehyde

Reacts with @and CQ




100

5.2.2 Availability commercially and cost

In a commercial laboratory the cost of analysis is always an important factor. For this
criterion only the cost of purchasing the derivatisation reagent was taken into
considerationThe cost of running and maintaining equipment for an analysis technique
also adds to the cost, which could be considered at a later stage of the study. HPLC
analysis methods are generally more expensive to run than GC analysis methods, due to

the volumef solvent used, as well as waste that needs to be disposed of.

Synthesis of the derivatisation reagents can be very time consuming and would increase
the cost of a derivatisation reagent. MDNPH and MDMNTH are not commercially
available, and need to bentlgesised, and therefore are excluded from further study as
candidate derivatisation reagents. Although MNBDH has already been eliminated from
the candidate derivatisation reagents, the d#220/g), which is more than a thousand

times the cost of DNPHeliminates this derivatisation reagent from the study.

5.2.3 Formation of aldehydederivatives and stability

The development of a single method for the analysis of formaldehyde, acetaldehyde and
acrolein requires the reaction of the derivatisation reagentesith of the aldehydes,
especially acrolein and forming stable derivatives. NBEAnd cysteaminé® do not

react with acrolein, therefore these derivatisation reagents will not be further considered
in this study.

Due to low acetaldehyde recoveries when sampling for more than 6 hours, using
MDNPH®! and MNBDH?® as derivatisation reagents would be less likely to be
successful for an 8 hour personal sampling period. These derivatisation reagents have
already been eliminatl as candidates.

Certain derivatisation reagents have been confirmed to react with acrolein i.e. MyBDH
DNSH'?8 130 pFBHA, PFPH®3 and 2HMP®°, as reported in literature, however
MNBDH, DNSH, and 2HMP have been removed the candidate derivatisation reagents.
The othellisted derivatisation reagents have no evidence whether these reagent do react
with acrolein or not and these reagent will therefore need to be investigated if any are

chosen as candidate derivatisation reagents.
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5.2.4 Reaction with NO, NO;, CO and ozone

In literature, the main interfering gases were identified to bead@ozone for the DNPH
method, as discussed @hapter 2 and subsequently this has been the focus of many
studies on alternative derivatisation reagents in an @mvient containing these gases.
Yet, no information was found on the reaction of any of the derivatisation reagents with
CO, and therefore the reaction of CO with the derivatisation reagent will need to be

studied for all the candidate derivatisation reagen

MDNPH®, MNBDH*' and MDMNTH°> were developed as alternative derivatisation
reagents to DNPH, because each of these derivatisation reagents formed the same reaction
product with NQ and ozone, pectively. The formation of only one reaction product
makes the chromatographic separation of the reaction products from the aldehyde
derivatives easier. However, all three of these derivatisation reagents have already been

excluded as candidates.

Ozone nterferes with the quantification of aldehydes when using PEPRFBHAL,

and DAIH*' as derivatisation reagents for the sampling of aldehydes. Itis also anticipated
that ozone would probably interfere with any derivatisation reagent and the derivatives
due t o o02zoneod sschterigndoes eotetiniinate any of the dérivatisation
reagents since the reaction of the derivatisation reagents with NOamdGCO has not

been thoroughly studied and quantified.

5.2.5 Reaction time with aldehydes

The reaction time of the derivatisation geat with the aldehydes is influenced by the
sampling techniqgue and device used to derivatise the aldehydes, the matrix of the
aldehydes, temperature, pH, whether a solvent is used, and the concentration of the
derivatisation reageft MNBDH*' (excluded), DNSP® (excluded), PFBHAS,
DAIH*?® and UDMH (excluded) all react with the aldehydes to form the respective

derivatives in under an hour.

Longer reaction times may not problematic, because the transportation and storage time
before analysis will allow for the derivatisation reaction time to pass by. This will only
be possible if the sorbent used for sampling fudiiains the aldehyde during sampling

and storage. Derivatisation reagents with reaction times longer than 12 hours are 2
HMP®, PFPH3L, HBA3 This criterion at this pointid not eliminate any of the
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derivatisation reagent candidates, but may be taken into account later in the study if

necessary.

Candidate derivatisation reagents

* DNPH * PFBHA + MBTH
* MDNPH * 2-HMP * DAIH
* MNBDH + MDMNTH -+ NBEA

« DNSH « UDMH + Cysteamine
* PFPH « HBA
Criterion 1: l l : DNSH
Are there difficulties using 2-HMP
the derivatisation reagent? MNBDH
No UDMH

+ MDNPH * MBTH

* PFPH +* DAIH

* PFBHA * NBEA

« MDMNTH * Cysteamine
+ HBA

Criterion 2:
Commercially available
and affordable cost?

|
—
—

MDNPH
MDMNTH

+ PFBHA + Cysteamine

+* MBTH
* DAIH

Criterion 3:
Formation of stable
derivatives with acrolein?

LLJ

NBEA
Cysteamine

Yes Not enough

information

* PFPH
* PFBHA
* HBA

« MBTH
+ DATH

products with NO, NO, and  Yes information
No cOo?

Criterion 4: l l Not enough
Interference from reaction . . ﬂ

e Investi gation Chapters
[ PEBHA required Sand 6

* HBA
+* MBTH
* DAIH

Criterion 5: Not enough
Relatively short reaction &:) . .

time with the aldehydes? No information

+ PFPH
+ PFBHA
+ HBA Candidate

+ MBTH - derivatisation
+ DAIH

reagents

Figure 5.1: Screening of the alternative derivatisation reagents
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5.2.6 Candidate derivatisation reagents
Following from the previous sections, the following derivatisation reagents were chosen

for further exploration:

MBTH
DAIH
HBA
PRBHA
PFPH

DAIH and PFBHA are relatively expensive derivatisation reagents as indicated in

= =2 =4 A4 -4

Table5.2. Also, it should be mentioned that MBTH and DAIH are toxic compounds.

5.3  Evaluation of the derivatisation reagents

The derivatisation reagent chosen are all compounds that contain a hydrazine functional
group, or in the case of PFBHA an amide, which is similar to the hydrazine. The hydrazine
functionality, or the amide in the case of PFBHA, is the reaction site faldie@ydes.

The derivatisation reagents react with the aldehydes by nucleophilic addition of the amine
in the hydrazine to the carbonyl group of the aldehyde, followed by the elimination of a
water molecule, as illustrated Figure5.2. Each derivatisation reagent has a different
reactivity towards the aldehydes due to the difference in structures of-gmeupR
attached to the hydrazine.

T

H

H
N N / C
" \NHZ 0 N Dk
E- and Z-i
or + /|(l an 1somers + HZO
0 Dk or
O i
R NH,

(@] C
o \N/ ~p

E- and Z-isomers

Figure 5.2: General reaction of a hydrazine with an aldehyde

The HPLC and GC methods used for the analysis of the respective derivatisation reagent
solutions are described i@hapter 3 The methods are based on already published

methods, which have beemodified to suite the equipment and columns available.
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5.3.1 Reaction ofthe derivatisation reagent with acrolein

Acrolein forms adducts with DNPH as it is a highly reactive compound, due to the
conjugated double bond to the carbonyl functionalityis important that not only the
derivatisation reagent react with acrolein, but that the acrolein derivative is stable, and
does notform adducts with the derivatisation reagent. As indicateBignre 5.2 it is
expected that each aldehyde, except formaldehyde, will have- amdE Zisomer,
resulting in the possibility of two peaks being observed for each aldehyde on the
chromatograms. The total of the peak areas of thenf Zisomers for each aldetg

derivative should be used for the quantification of the aldehyde.

Each derivatisation reagent was prepared in solution, as descriDedpter 3and mixed

with a freshly prepared solution of acrolein. The solutions wéreleeact for 5 days, to
ensure that even the slowest reacting derivatisation reagent (3 days for PFPH) has
completed reaction with the aldehydes. The solutions were analysed using the respective
analysis techniques for each derivatisation reagent sasiled inChapter 3The results

of the analysis are shown kigure5.3 to Figure5.7.
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Figure 5.3: HPLC -UV chromatogram of the ddehyde-MBTH derivatives (310 nm)

The HPLC chromatogram of the aldehyd®&TH derivatives Figure5.3) revealed two
peaks for each-Eand Zisomers of the acetaldehydend acroleifrMBTH derivatives.

Therefore the @oleinrMBTH derivative is stable for 5 days in solution.
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Figure 5.4: HPLC -UV chromatogram of the aldehydeDAIH derivatives (240 nm)

Only one peak was observed for acetaldeHyédH on the chromatogram ofhe
aldehydeDAIH derivatives (Figure 5.4). The formation of E and Zisomers for
acetaldehyde may be sterically hindered. Three peaks were observed for -dzAdkein
therefore at least two adducts could havendeamed by acrolein and DAIH.
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Figure 5.5: HPLC -UV chromatogram of the aldehydeHBA derivatives (310 nm)
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Similarly to DAIH, three peaks were detected for acreldBA on the HPLC
chromatogram for the aldgdeHBA derivatives Figure5.5). This suggests that HBA
formed atleast one adduct, &wo of the peaks could be due to theaid Zisomers of
the acroleifHBA molecule. The Eand Zisomers for acetaldehydd¢BA were also

separated on the chromatogram.

The resultinggaschromatogram for the aldehyd~PH derivativesHigure5.6), revealed
two peaks for acetaldehyd®PH which represent the &nd Zisomers. Only one peak
was observed for the acroleit=PH, suggesting that the acrol&RPH derivative was

stable in solution for 5 days.
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Figure 5.6: SIM GC-MS chromatogram of the aldehydePFPH derivatives (m/z 155)

Two peakdor each of the acetaldehydand acroleiflPFBHA derivatives were seen on
the GC chromatogram for the aldehyldEBHA derivatives Figure5.7). Therefore the
GC method separates the &d Zisomers of the acetaldgde and acroleiiPFBHA
derivatives. Also, this indicates that the acroleFFBHA derivative was stable in solution

for 5 days.
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Figure 5.7: GC-MS chromatogram of the aldehydePFBHA derivatives (TIC)

5.3.2 Reaction of the derivatisation reagent with NO, NO;, and CO

Chapter 4nade it evident that it is important to considerdffectNO, NO, and CChave

on the sampling and accurate determination of aldehydes. Each of the deroratisat
reagents react with the aldehydes in a similar way to the DNPH, and therefore it can be
anticipated that these compounds will react with the NO; &@ CO in a similar way.

As discussed earlier, the derivatisation reagents being evaluated havendiffere
reactivityds due to their molecular stru
reaction with the NO, N@and CO gases. Thus it is necessary to investigate whether the
chosen derivatisation reagents react with NOp ld@d CO, and whether thesrgting
products interfere during the GC or HPLC analysis. If there is a reaction of the gases with
the derivatisation reagents, it is essential to determine and quantify the destruction of the
derivatisation reagents by the NO, Né&nd CO during the sampdg of aldehydes in

polluted environments.

5.3.2.1Chromatographic interference 1 Reaction of NO and NQ with the
derivatisation reagents
The reaction of NQand NO- with the derivatisation reagents needs to be studied to

determine whether the resulting compoundsrifere with the GC or HPLC analysis of
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the aldehydalerivatives. If there are interferences from the NOH@d CO reaction
products, the analysis methods can be further optimised to ensure the separation of the
reaction products from the aldehyderivatives. However, if the compounds-elute
completely (resolution of <0.5) then the optimisation of the method to separate the peaks

will be challenging.

Cartridges containing the respective derivatisation reagents were prepared as described
in Chapter 3 and exposed to 0.188 mg of B@nd 0.123 mg of NO separately
(Section3.7.1.)), after which the cartridges were eluted with the appropriate solvent and
analysed using HPLC and &@S. The resultingchromatograms were compared with

the chromatogram of the respective aldehgdgvatives, as shown ifigure 5.8 -
Figure5.12to determine the interference. The eluentsevadl injected onto the GBIS

method as described @hapter 3to attempt the identification of the reaction products

from the mass spectra.
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Figure 5.8: GC-MS chromatogram of PFBHA and NO/NOz2 reaction products (TIC)

Every single one of the derivatisation reagents reacted with the éd0h resulting in
two reaction products, except for PFBHA which had only one reaction product. The

reaction of the derivatisation reagents WNI©® formed the same reaction products as the
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reaction with NQ. The chromatographic interferences of NO and. M€ therefore

discussed simultaneously.

The reaction product of PFBHA with NO and N@as identified as 2,3,4,5,6
pentafluorobenzyl alcohol areluted after the acetaldehy®&BHA isomers. The NO
PFBHA reaction product has a resolution of 1.0 from the acetaldd?fyBelA isomer,
therefore is not resolved sufficiently to ensure accurate quantification of acetaldehyde.
Consequently, the presence RO or NG in the sample matrix could cause an
overestimation of the acetaldehyde concentration when using PFBHA as the

derivatisation reagent during sampling.
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Figure 5.9: SIM GC-MS chromatogram of PFPH and NO/NQ reaction products
(m/z 155)

The two reaction products formed during the exposure of the PFPH cartridge to NO and
NO>, are shown irFigure5.9. The first compound eluted after the PFPH peak and was
identified to be 2,3,4,5;pentafluoroaniline, and the second compound eluted after the
acetaldehyd®FPH peak, which could not be identified. The PFPH and 2,3,4,5,6
pentafluoroaniline peaks Y@ a calculated resolution of 1.2. The 2,3,4,5,6
pentafluoroaniline does not interfere with the aldekRy&®H derivatives, and therefore

will not affect the accuracy of the quantification of the aldehydes. The acetaldehyde
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PFPH and the second N®FPH reatton product peaks have a resolution of 1.5, which
means it is fully resolved from the acetalderRiePH peak, and will not interfere with
the quantification of acetaldehyde. The reaction products of NO apavNOPFPH will

not interfere with the quanitfation of the aldehydes in air if PFPH is used as the

derivatisation reagent during sampling.
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Figure 5.10: HPLC -UV chromatogram of DAIH and NO/NO:2 reaction products

DAIH reacted with NO and N£xo form two reaction products which eluted between the
formaldehyde and acetaldehydBAIH derivatives and celuted with each other
(Figure5.10). The NQ-DAIH peaks are not fully resolved from the formaldehyaielH
(resolution of 0.8) and acetaldehyd®AIH (resolution of 0.7). The low resolution
therefore indicates that there may beettion of the NQ-DAIH reaction products with

the aldehydeAIH derivatives, and thus the quantification of the aldehydes will be less
acairate if there is NO or N£present in the sampling environment. The reaction products
could not be detected using &S because the compounds may not be volatile enough

for GC analysis, and therefore the compounds could not be identified.
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The reaction bHBA with NO or NG resulted in two reaction products, as seen in
Figure5.11. One of the N@HBA reaction products celuted with the acrole#iBA

peak, therefore any NO or N@ the sample matrix will cause awerestimation of the
acrolein concentration, when using HBA as the derivatisation reagent during sampling.
The HBA reaction products could not be detected byM&C analysis, because the
compounds are probably not thermally stable for GC analysis, areddiesthe identity

of the compounds could not be established.
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Figure 5.11: HPLC-UV chromatogram of HBA and NO2 reaction products

The reaction of NO or N©with MBTH also resulted in two reaction products forming.
These reaction products elute several minutes after all the aldstB/@E derivaives
on the chromatogram, as shownFhigure 5.12. The solution containing the reaction
products of NO or N® with MBTH was injected onto a G@®IS to identify the
compounds. The two compounds were identified-aeyl2(3H)-benzothiazolone and

3-methyt1,3-benzothiazel(3H)-amine with the structures of these compounds included
in Figure5.12.
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Figure 5.12 HPLC -UV chromatogram of MBTH and NO/NO:2 reaction products

The reaction ofNO and NO: in the sample matrixvith H2O> on the cartridgevas
consideredEach of these gasesuld be oxidisedby the hydrogen peroxideccording
to the following reaction equations:

cO0 OO0 z ¢OUL [20]
¢cO 0 dO0 z ¢'O00 ¢O0 [21]
4.1 A
CH,COO

— Carboxylic acids

— Cartridge exposed to NO,
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Figure 5.13: IC chromatogram of the anions formed from NO and NQ after
oxidation
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Cartridges containing hydrogen peroxide werpased to NO and Nespectively, as
described in SectioB.7.]). The cartridges were eluted, and analysed using IC, and the
resulting chromatograms are showrrigure5.13. The ions were identified according to
their retention times when compared with standards. The oxidation of NO did not only
result in the formation of nitric acid, but also nitrous acid (HN@s is evident in the

chromatogram.

The IC analytical métod separates the resulting ions from the formate and acetate peaks,
as expected, and therefore the ions will not interfere chromatographically with the
quantification of the aldehydes in air. However, th©Hwill be consumed by the gases

and thereforette concentration of the-B> on the cartridge will need to be sufficient for

the sampling and analysis of the aldehydes. As there is a response for each of the formed
ions from the gases, this method coutdsiblysimultaneously measure NQONO + NOy)

andthe aldehydes in air samples. This will be possible if the oxidation dfi@eare

guantitative, and norbakthrough of the gases occur.

5.3.2.2Chromatographic interference from the reaction of CO with the
derivatisation reagents

To identify interferences fronCO with the derivatisation reagents, the prepared
cartridges were exposed to CO. The cartridges were eluted and the eluent was analysed
using GC or HPLC. The chromatograms of the reaction products of CO and the
derivatisation reagents were compared witk #Hidehydederivative chromatograms

(Figureb.14 - Figure5.19), as done previously.

Similarly to the reaction of the derivatisation reagents with NO and, MO the
derivatisation reagents react with CO to form two reaction products, except for PFBHA,
which only forms one reaction product with CO, as showkignre5.14. The compound
elutes almost two minutes after the acroleiFBHA derivatives, and therefore would not
interfere with quantification of the aldgthes. The compound was identified from the
mass spectrum to be a compound similar to ace®®HA. This is similar to what was
previously observed for the reaction product of CO with DNEHapter 4, where
acetoneDNPH was i@ntified.
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Figure 5.14: GC-MS chromatogram of PFBHA and CO reaction product (TIC)
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Figure 5.15: GC-MS chromatogram of PFPH and CO reaction products (m/z 1%)

CO reacted with PFPH to form two reaction products, which were identified as 2;3,4,5,6

pentafluoroanisole andcetonePFPH(similarly to the reaction of CO with DNPH and
PFBHA). The 2,3,4,5 $entafluoroanisole eluted close to the second acetalddéfyeld
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isomer, with the resolution calculated as 1.3. As a result, the 2,3p&btéfluoroanisole
could interfere with the quantification of the concentration of acetaldefyue.CO
reacts with PFPH to form aceteR&PH, which is problematic if it is necesg to

quantify acetone in the air sample.

The reaction of DAIH with CO resulted in two reaction products, as sdeigune5.16.
The second peak of the reaction products and the acidhdid peaks are almost fiyl
resolved (resolution = 1.4). Thus, the CO reaction product may interfere with the
quantification of the acrolein concentration if the concentration of the CO is very high in
the sample matrix. The reaction products could not be identified usirg&@robably

due to the low volatility of the compounds.
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Figure 5.16: HPLC -UV chromatogram of DAIH and CO reaction products

The CO reacted with HBA to form two reaction products, which eluted between the
acetaldehyd¢iBA and acroleirHBA isomers (seéigure5.17). The peaks were fully
resolved from the aldehyddBA isomer peaks, and therefore will probably not interfere
with the quantification of the aldehyde concentrations in the presence of CO. The CO and
HBA reaction products could not be idiéied using GGMS, as the compounds are

probably not thermally stable.
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Figure 5.17: HPLC -UV chromatogram of HBA and CO reaction products
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Figure 5.18 HPL C-UV chromatogram of MBTH and CO reaction products

The MBTH reacted with CO to form two reaction products, one of which was identified
with GC-MS to be N[(3-methy}1,3-benzothiazel-ylidene)aminolacetamide. Both the
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reaction products interfered with thecroleirMBTH peak on the chromatogram
(Figure 5.18) and consequently there will be interference from the CO in the sample
matrix on the quantification of the acrolein concentration, causing an overestimation of

the amount.

The reaction of carbon monoxide with the hydrogen peroxide on the cartedgés in

carbon dioxide, as shown in the reaction equation below.
00 OU z 00 00 [22]
The carbon dioxide formed will dissolve in the water and form carbonic ae(CiGi)

The IC method separates the resulting bicarbonate iontfrerformate and the acetate

peaks as shown irigure5.19.
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Figure 5.19: IC chromatogram of the anion formed from CO after oxidation

As there is a response for tbarbonic acid formed, this method could measure CO with
the aldehydes in air samples, if the oxidation of CO is quantitative and the cabidnic

is quantitatively capturedn the cartridge.

From the results thus far, HBA and MBTH are not suitable cateidaased on the
interference of the NGand CO reaction products on the quantification of acrolein.
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5.3.2.3Destruction of the derivatisation reagents by NO, N@and CO

It has been established in SecttwB3.2.1that all the derivatisation reagents react with
NO, NGO and CO. This reaction results in the destruction of the derivatisation reagent,
and this loss needs to be quantified to determine the capacity requirements of the
cartridges for the samplingf formaldehyde, acetaldehyde and acrolein in polluted

environments.

To determine the destructiofithe derivatisation reagentespown masses of each of the
gases (Sectior3.7.1.) was pumped through the individually preparedrtridge
containing the derivatisation reagent, as described previously in S&c8¢hl The
cartridges were eluted with the appropriate solvent, and analysed using either GC or
HPLC. The eluent of unexpaseartridges were also analysed, to establish the response
of the derivatisation reagent, before reaction. The destruction of the derivatisation reagent
was calculated from the difference of the response of the derivatisation reagent peak
before and afteexposure to each gas. The moles derivatisation reagent destroyed per

mole gas for each of the derivatisation reagents is showigume5.20.

The amount of destruction of the HBA and the MBTH by NO i@d CO is extremely
high, therefore these derivatisation reagents would rapidly be destroyed during sampling.
Each of these derivatisation reagents has a chromatographic interfereatsotdaectly

interferes with the quantification adcrolein.

DAIH shows the lowest destruction by NO, pl@hd CO, resulting in the high availability

of the derivatisation reagent for reaction with the aldehydes. PFPH has a high reactivity
with NOy, butvery low with NO and CO. The PFPH method would therefore possibly
have lower capacity for the aldehydes, due to destruction of the derivatisation reagent, in
an environment with high Nfconcentrations. PFBHA has a relatively low reactivity
with NO. and CQ with a higher reactivity with NO.
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Figure 5.20: Derivatisation reagent destroyed per mole of interfering gas

Similarly to the DNPH capacity equation deriveddhapter 49milar equations could
be derived for each of the derivatisation reagents, using the dagunme5.20, and
using the general equation as shown below.

6 . 6 6 6 6 6
01 01 01 01 Oi Oi

[OR!

Where:

Mpr = Mass derivatisation reagent required (mg)
Vsample= Total volme of the sample (h(Flow rate (fYmin) x time (min))
« = Expected concentration of the relevantgas (mg/m)
Mrx = Molar mass of the relevant gas (g/mol)
Mrpr = Molar mass of the derivatisation reagent (g/mol)
a, b, c = Moles of derivatisation resag consumed per mole of the relevant gas
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5.3.2.4Sample stability when using hydrogen peroxide during sampling

The oxidation of the aldehydes to the carboxylic acids on a cartridge containing hydrogen
peroxide was achieved, however, the oxidation does contindesome of the carboxylic
acids are also oxidised to form carbon dioxide. The carbon dioxide dissolves in water to
form carbonic acid, which is visible on the chromatograms of both the HPLC and IC
methods, although at lower concentrations in the aciditiso for the HPLC method.

The stability of the carboxylic acids after sampling is essential for a sampling method to
be viable. The acids will be stored and transported on the cartridge to the laboratory before
any elution for analysis will take placéhe acids must not undergo further oxidation
during this time.

The stability of the carboxylic acids on the cartridge was tested by spiking the aldehydes
onto a prepared cartridge containingdA (Section3.4.7), which was leffor a time and

then eluted and analysed immediately. The concentrations in the sample eluted
immediately after the spike was used as the base analysis, against which all subsequent
concentrations were compared to. The results are showhigure 5.21. These
experiments were analysed using the HPLC method and therefore Usetidsphoric

acid as its eluent.
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Figure 5.21: Stability of formic acid on the cartridge and in solution during storage
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The stability of the carboxylic acids in solution, after elution from the cartridge was also
monitored. The solution was stored in a refrigerator and the concentrations of the acids
were monitored over time. These experiments were also analysed using the HPLC

method. The results are also showifrigure5.21.

Only formic acid was visible on the chromatogram, with the acetic acid completely
oxidised. The formic was not stable on the cartridge in the presence of@heTHhe
oxidation of the acid continued over time and seemed to stop after 5 hoursayhie

due to limited amount of #D> on the cartridge. The formic acid in solution was stable
and did not oxidise further, even after 24 hours. Therefore it will be necessary to elute the
carboxylic acids as soon as possible from the cartridge. This dhetlianly be viable

if it is possible to control the oxidation reactions on the cartridge. This could be achieved

by using a weaker oxidising agent, such as permanganate or copper chloride.

The solution used for the elution of the cartridges wa®@aHsPOQs solution, for HPLC
analysis. When the same experiments to monitor the stability of the carboxylic acids was
attempted using a basic solution for IC analysis, the results could not be replicated. The
oxidation reactions are therefore slower in the acgivironment, although the reaction

is probably quenched when using a basic solution for elution. This is contradictory to

each other, and willeed to be investigated further.

5.3.3 Derivatisation reagents method recoveriesf the aldehydes

The derivatisatiorreagent methods were used to capture the aldehydes from the gas
sampling bulb, which was used to determine the method recoveries for each of the
derivatisation reagents, as described in Se&i@rirhe method recovery is a nseae of

the accuracy othe method, how close the result is to the true value. The method

recoveries for each of the derivatisation reagents are givesiie5.3, below.

Table 5.3: Method recoveries for the sampling of aldehydes with the derivatisation

reagents
Derivatisation Method recovery (%)
reagent .
Formaldehyde Acetaldehyde Acrolein

PFPH 19.9 41.4 24.2
PFBHA 95.0 100 55.9
HBA 14.8 51.0 0
MBTH 22.2 36.2 196

DAIH 94.7 69.6 66.8
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The only reasonable method recoveries for the derivatisation reagents are for PFBHA and
DAIH, as they both have recoveries of over 50 % for acrolein. Although the recovery of
acrolein by PFBHA is not as high as DAIH, the recovewésformaldehyde and
acetaldehyde by PFBHA are very high, and therefore the PFBHA is favoured above all
the derivatisation reagents, with regards to aldehyde method recoveries.

54 Conclusion

A summary of the interference results is giverTable 5.4. The summary shows the
amount of peaks seen for each of the acetaldetaydkacroleirderivatives, along with

the number of reaction products with NO, N&ld CO. Formaldehyde only formed one
derivative with each derivatisation reagent, and theeefas not included in the table.

The DNPH data was included for comparative purposes.

Acetaldehyde forms the-and Zisomers with each of the derivatisation reagents, except
with DAIH, probably due to steric hindrance of the derivatisation reagent,iafidar

only one isomer to form.

Acrolein is very reactive and therefore readily reacts with the derivatisation reagents,
however, with some reagents, the acrolein derivative is still reactive and will therefore

react with other molecules available in 8smple. This was seen for HBA and DAIH.

Table 5.4: Summary of the chromatographic results
. Number of Reaction pr
DerivatiAnaly observed gases

reagentitechn " 1 Acriol NO NG CO

DNPH HPLC 2 4 0 6 1
DAI H HPLC 1 3 2 2 2
HBA HPLC 2 3 2 2 2
MBTH HPLC 2 2 2 2 2
PFPH GC 2 1 2 2 2
PFBHA GC 2 2 1 1 1

NO, NG and CO react with all of the derivatisation reagents. The reaction products
formed may interfere with the aldgde quantification. These gases also destroy the
derivatisation reagents, to varying degrees, as was shown in Se8ti&3 The NQ and

NO reaction products interfere with the aldehy#givative peaks for DAIH and HBA.
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Only the MBTH aldehyde&lerivatives were affected by the CO reaction product with
MBTH.

This chapter has investigated how the derivatisation reagentdfected by the polluting

gases, NO N@and CO, which gives information for the fourth criteriorFigure5.1.

The HBA derivatisation reagent should not be considered further in this study, due to the
multiple peak formation with acrolein, as well as the direct interference of the NO
reaction products on the quantification of the acrolein concentration using this method.
DAIH forms at least one adduct with acrolein, and is an expensive derivatisation reagent
and therefore, DAIH will not be considered further in this study. MBTH has a high
reactivity with NO, NQ and CO, and has an interference of the CO reaction product on
the quantification of acrolein. The MBTH derivatisation reagent will also no longer be

considered for this study.

Due to time constraints, developing a method by oxidising the aldehydes for the sampling
and analysis of aldehydes in aiith hydrogen peroxidenvas not possible. At this stage

the method has several flaws, as the oxidationeohttiehydes to the carboxylic acids is

not controlled, resulting in a loss of the aldehydes from the cartridge. However, if the
method is successful, it may be possible to determine the aldehydesamdQCO
simultaneously. The method could be improved&ing less hydrogen peroxide, or using

a weaker oxidising agent, such as KMrgd CuCb. The pH of the elution solvent seems

to also play a major role in the control of the oxidation of the aldehydes, as well as the
resulting carboxylic acids, and this dedo be investigated further. The method may also

benefit from choosing a sorbent material for the capture of the aldehydes.

The method would also be relatively cheap compared to the derivatisation methods, and

IS greener because no organic solvents sed ior sample preparation or analysis.

The derivatisation reagents that still can be considered are PFPH and PFBHA. Based on
method recoveries, as determined in Sedsi@x3 PFBHA is the method of choice, ias

has the highest method recoveries. The next chapter will describe the optimisation of the
method, as well as give a description of the analytical performance of the method final
method.
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Chapter 6
Developing a newobust method for the sampling and analysisof
aldehydes in a polluted environment

6.1 Introduction

The derivatisation reagent PFBHA was chosen to replace DNPH, due to its lower
reactivity with NO, NQ and CO with minimal interference from the reaction products,
and a stable derivative with acroleihélnext step would be to determine which sorbent
would be optimal for the capture and retention of formaldehyde, acetaldehyde and
acrolein. Silica gel serves as an effective sorbent for the capture of the aldehydes of
interest, in the DNPH method for thenadysis of formaldehyde and acetaldehyde.

However, the silica gel may not be effective in capturing the acrolein.

In this chapter several sorbents for the capture of formaldehyde, acetaldehyde and
acrolein from air samples will be evaluated. The perfoneant the sorbent will be
measured by how well a given amount of the aldehydes are retained, which is measured

by the collection efficiency.

The study includes the use of a hydroquinone coated silica gel cartridges. The reactivity
of hydroquinone towardsdO, NG, and CO will be studied and any artefacts formed will

be identified, and if these compounds interfere chromatographically with the aldehyde
guantification. Thereafter the pesampling derivatisation with the derivatisation
reagents will be tested ensure that the aldehydes are able to react with the derivatisation
reagent and the aldehyde derivatives are completely recovered from the cartridge for

analysis.

The final method, where the best performing sorbent and derivatisation reagent are
combinednto one cartridge, will be evaluated. The analytical performance of the method
will be determined and compared with the performance of the DNPH method, to
determine if the method is fit for the purpose of sampling and analysing the aldehydes in

air in pdluted environments.

The stability of the sample stored on the cartridge, as well as in the eluent after desorption
will be determined as a final insight of the method performance. Finally, the cost of the

analysis method will be determined, and compapeti¢ DNPH method.
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6.2  Collection efficiency of various sorbents

The sorbent material in the sampling cartridge plays the most important role in the
sampling of analytes. The sorbent is used to capture the analyte from the sampled air and
retain the compoundiuring transport and storage of the sample. The sorbent may also
be coated with a derivatisation reagent, which would react with the analyte for analysis
with HPLC or GC. The sorbent needs to retain the resulting derivatives until desorption
for analysis an take place, and should not form artefacts with any of the analytes,

derivatisation reagent, or compounds in the sample rmtrix

Other sorbents commonly used are charcoal, alumina, molecular sieves, and porous
polymers. Sorbents are useful forqm@ncentration of the analyte, where a timeighted
average is required, or whettee concentration in the sample is too low and a larger

sample is necessary to reach the required analytical sen§ifivity

Seven sorbents were chosen for the evaluation of the capture of formaldehyde,
acetaldehyde and acroleifiable6.1). Tenax TA, is a porous polymer which is inert and
hydrophobic. It is the most pafar sorbent for thermal desorption techniques, although
the sorbent only captures fromhexane up to 4€2¢+. Two graphitised carbon black
sorbents were chosen, Carbograph 4TD and 5TD. These asp@aific carbon sorbents

that have minimal artefact lelge and can therefore be used for trace analysis. However,
the graphitised carbon black sorbents are less suitable for labile and highly reactive
compounds, such as acrolein. A carbonised molecular sieve was chosen, Carboxen 1003,
which is recommended fair monitoring. The molecular sieve is one of the strongest
sorbents, ideal for trapping volatile compoand\ zeolite molecular sieve A5 was
chosen as it is a strong sorbent usually used for nitrous oxide monitoring. Silica gel was
included with the grap of sorbents for evaluation as it is the sorbent used for DNPH

sampling.

Hydroquinone is used in acrolein standards to stabilise the compound to prevent
polymerisation. Hydroquinone has also successfully been used on a cartridge for the
removal of ozoneinstead of the Kl cartridge, during the sampling of aldehydes with
DNPH®. Also, the hydroquinone coated cartridge has\s®wn to capture acrolein in

air samples as well as formaldehyde and acetald&hyde
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If a hydroquinone coated cartridge is chosen as the optimal sorbent for the sampling

method, the reaction of hydroquinone with NO, N&hd CO will also needo be

evaluated.
Table 6.1: Sorbents and their characteristics
Sorbent . Analyte volatility -
Sorbent strength Material type range Characteristic
1 Hydrophobic
1 Suitable for labile
Tenax TA Weak Pglromuzr n-Cs T N-Cso components
Poly 1 Higher artefact
levds
1 Non specific
Carbograph : Graphitised o 1 Minimal artefact
4TD Medium — orbon black  "CesCaz 1 Fairly hydrophobic
9 Not 100% inert
9 Non specific
Carbograph Medium: Graphitised 1-Coa-C. 9 Minimal artefact
5TD Strong carbon black sprer 1 Fairly hydrophobic
9 Not 100% inert
9 For most volatile
compounds
9 Adsorption and
Carbonised molecular sieve
Carboxen 1003 Strong molecular Cai n-Cspe principle
sieve 1 Not hydrophobic
1 Easily contaminated
by higher boiling
compounds
Molecular Very ieo?(!tceular Permanent gases 3 ﬁ%ergtgﬁ”c
Sieve R strong Siow and NO { High artefacts
. . Low boiling polar fUsed for DNPH
Silica gel Strong Silica compounds method
Hydroquinone . 9 Shown to adsorb €
. Hydroquinone .
;g?ted silica  Strong and silica Cii Cs Cs aldehydes

The sorbentallection efficiency was tested by taking the packed cartridges (ca. 0.3 g of

sorbent in a thermal desorption cartridge, as described in S8ctiGhand connecting a
PFBHA cartridge after the sorbenttcalge. The purpose of the PFBHArtridge was to

capture any aldehydes that were not captured by the sorbent material in the packed

cartridge. The set of cartridges was connected to the ¢aswhich contained a known
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amount of the three aldehydes (described in Se8tiod). The capturing efficiency was

calculated as follows:

" - DOid s o6@ o1 QQQQ
00 @NOON 0ANOVWQOE W—————————— T i 24
n Qe D DidéE OTRIED 0 w P [24]

The capturing efficiency results for each of the sorbents are summariaglie6.1.
Formaldehyde was acceptably captured (%6j3y Carboxen 1(8) the molecular sieve,
Carbograph 4TD, and the silica gel coated with both DNPH and hydroquinone. Only the
hydroquinonecoated silica gel cartridge captured the formaldehyde to the preferred level
(>90 %). Capture of acetaldehyde by the sorbents were paoept by the DNPH and
hydroquinone silica gel cartridges. Acrolein was captured by the Carboxen 1003 and

silica gel coated with hydroquinone at acceptable levels.

The Carbograph 5TD had very low collection efficiencies for each aldehyde, as it is not
gpecific for aldehydes. The capture of formaldehyde and acetaldehyde by Tenax TA had
a high variation as it is not a strong adsorbent of the volatile compounds. The Tenax TA

adsorbent captures organic compounds with 6 or more carbon atoms.

The capture effiency results for the silica gel indicated that a low capture efficiency of
acrolein by the sorbent also contributes to the low acrolein recoveries seen for the DNPH
method Chapter 4 The low result for acetaldehyde may be the reason for the low
collection efficiencies for sampling longer than 6 hétlrss discussed in Secti@m.7.

These low sorbent recoveries by the silica gel, combined with the reversible DNPH
reaction could possibly explain the phenomenon thatsean for acetaldehyde with the
DNPH method. The reaction of formaldehyde and acetaldehyde with DNPH therefore

aids in the capture of the aldehydes on a silica gel sorbent.

Although the Carboxen 1003 is used for air monitoring it did not capture acstdédeh

and showed a large variance on the capture of acrolein. The sorbent of choice therefore
would be the silica gel coated with hydroquinone. Since hydroquinone could be reactive
with NO, NG and CO, it is now necessary to investigate the reactions obdpyiiione

with these gases. The investigation follows in Sedidn
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Figure 6.1: Sorbent capture efficiency of the aldehydes

6.3 Recovery of the aldehydes from théydroquinone cartridge using various
derivatisation reagents

A good collection efficiency needs to be complemented by a good recovery of the
aldehyde derivatives from the cartridge. The aldehydes will be derivatised post sampling
for detection and analysion HPLC or GC. The sample preparation before analysis will
therefore include a derivatisation step using a suitable derivatisation reagent. Although
PFBHA is the derivatisation reagent of choi€hépter %, the interference from NO,

NO2 and CO have been removed by the hydroquinone on the cartridge, as well & the po

sampling derivatisation step, making it possible to use any derivatisation reagent.

To determine the recovery of the aldehydesmfrthe hydroquinone cartridge after
derivatisation, silica gel cartridges coated with hydroquinone were spiked with a known
amount of a mixture of aldehydes in solution. The aldehydes were derivatised on the
cartridge by adding the derivatisation reagemttiie cartridge and left to react, as
described in SectioB.8. The reaction time was 3 hours, as it should have given enough
time for all the derivatisation reagents to completely react with the aldehydes, except for
PFPH, which has a reaction time of 3 days (Sed&i@rh. The ale&thyde derivatives were
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desorbed with an appropriate solvent (SecBdi) and the solutions were analysed using
HPLC or GC. The results are presente&igure6.2.

The recovery of thaldehydeHBA derivatives were all below the acceptable level (75
%), and therefore is not suitable for this method. Both PFPH and DAIH had poor
recoveries for two of the three aldehydes, and therefore are also not suitable for the
method. The low recovergf PFPH is probably due to the incomplete derivatisation
reaction. MBTH had good recoveries for all the aldehydes with the recoveries for
formaldehyde and acetaldehyde higher than%®8with acrolein recovery at 8%.
However, PFBHA once again is the detrgation reagent of choice, as the recoveries for

formaldehyde, acetaldehyde and acrolein were all abo9é. 96
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Figure 6.2: Influence of the presence of hydroquinone on the recovery of aldehyde
derivatives after 3 hours

6.4  Reaction of hydroquinone with NO, NG and CO

The possibility of hydroquinone reacting with NO, Nand CO during sampling in a
polluted environment exists. Consequently, it is necessary to establish whether the

reaction with the gases waljlin fact, occur, and subsequently quantify the consumption
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of hydroquinone by the gases. Also, if these gases do react with the hydroquinone, it is
necessary to determine if these compounds wouldlude with any of the aldehyede
PFBHA derivatives on th&6C-MS chromatogram, and therefore cause an overestimation

of any of the aldehyde quantities.

Cartridges coated with hydroquinone were attached to the outlet of the gas bulb and the
experimental procedure described in SectBon.1 was followed. The hydroquinone
cartridge was eluted afterwards, and the eluent was injected onto #MSGCThe
resulting chromatogram for the reaction of N@ith hydroquinone is shown in
Figure 6.3. The hydoquinone reacted with NOto form pbenzoquinone, and-2
nitrobenzenel,4-diol as indicated in the chromatogram. No reaction products were
observed for the reaction of NO and CO with hydroquinone. Hydroquinone only reacts
with NO> and therefore makes it ressary to determine the consumption of the

hydroquinone by nitrogen dioxide.
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Figure 6.3: GC-MS chromatogram of hydroquinone and its reaction products with
NOz2 (TIC)

The NQ gas acts as an oxidising agent to oxidise the hydroquinone te para
benzoquinone, NO and water, according to the reaction shofiguine 6.4. The small

amount of water formed could dissolve small amounts of the nitrogen dioxide to form a
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dilute nitric acid solution. The nitric acid in turn also reacts with hydroquinone by
substitution of the phenin the ortho positioh®YFigure6.4).

OH O
OH 0

NO, + H,0 — HNO; + NO

OH OH
NO,

+ HNO; —» + H,0

OH OH

Figure 6.4: Reaction of N&: with hydroquinone

6.5 Advantages of using hgroquinone as part of the sorbent material

Hydroquinone has been shown to enhance the collection efficiency of the silica gel in the
capture of acrolein. Hydroquinone is an antioxidant and is used to stabilise acrolein, so
that no polymerisation takes p&cresulting in fewer reaction products with the
derivatisation reagents. Hydroquinone has been used as an alternative to the Kl cartridge
for the effective removal of ozone from air samples, prior to the DNPH caftidge
Hydroquinone reacts with NQ therefore it may be possible to quantify NO
simultaneously with the aldehydes, by measuring the reaction prodoetzpquinone,

using GCMS.

Hydroquinone does not react with the aldehydes, and only acts as an adsorbent for the
aldehydes during the sampling step of the method. The consumption of hydroquinone by
NO2 may therefore not affect the capacity of the cartridge foaltehydes. This will be

investigated in the following chapter, during the simulated polluted environment tests.

The use of the hydroquinone coated cartridge for the sampling of the aldehydes means
that any derivatisation reagent can be used in the degatiah step. The derivatisation
reagent will not be exposed to @nd therefore this interference is removed from the

analysis method. The chosen derivatisation reagent is PFBHA due to its lower reactivity
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towards the gases, and minimal interferences fthe reaction products. In Secti6s3,

all the derivatisation reagents were evaluated to determine whether a full recovery of the
aldehydes from the cartridge was possible after derivatisation. Using PFBHA and MBTH
as derivatives after sampling with hydroquinone gave the best aldelcpdemngresults,

however PFBHA was the only derivative to give an almost full recovery of acrolein.

6.6 Combining HQ with PFBHA

Combining the hydroquinone coated silica gel sorbent with a coat of PFBHA for
derivatisation during sampling presents several adgastdirstly, it reduces the sample
preparation time required, by eliminating the pestnpling derivatisation step. Secondly,

less sample preparation steps also reduce the amount of errors introduced during the
handling of the samples. Finally, the intuotion of the PFBHA may improve the
recovery of acrolein because the PFBHA reacts with acrolein to form a stable derivative.
From the literature review (Secti@b5.7) it was noted that PFBHA eluted between the
formaldehyde and acetaldehyd®FBHA derivative$l. Therefore the amount of
PFBHA that can be loaded on a cartridge will be limited, thus limiting the capacity. By
combining the hydroquinone and PFBHA on one cartridge, a higher capacity should not

be necessary.
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Figure 6.5: GC-MS chromatogram of the aldehydePFBHA derivatives with
hydroquinone
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To be able to combine the two methods in one step, it is necessary to ensure that the
compounds are separated from each other. TheMGGchromatogra showing the
aldehydePFBHA derivatives along with hydroquinone is shownFigure 6.5. The
hydroquinone peak is fully separated from the aldeldetesatives and would therefore

not cause interference on the qufaation of the aldehydes.

The reaction product of NQvith hydroquinone, fpbenzoquinone, contains two carbonyl
functional groups, which could react with PFBHA or any other derivatisation reagent
used. The hydroquinone cartridge that was exposed to &h@ therefore contained the
benzoquinone was eluted and allowed to react with PFBHA. The resulting mixture was
analysed with GEMS to determine if goenzoquinone reacted with PFBHA. No reaction

product between-penzoquinone and PFBHA was observed.

The diromatogram of the hydroquinone reaction products with W& compared with
the chromatogram of the aldehyB&BHA mixture, as shown inFigure 6.6.
Hydroquinone and its reaction products do neelde with any dbthe aldehyde®’FBHA

derivatives, and therefore do not interfere with the quantification of the aldehydes.
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Figure 6.6: Comparison of the GGMS chromatograms for the hydroquinone
reaction products with the aldehyde PFBHA derivatives
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The consumption of hydroquinone by N@as determined as was previously done to
determine the consumption of the derivatisation reager@hapter 5and as described

in Section3.7.1.1 NO, destroyed 0.51 mol of hydroquinone per mol of 2NO

The hydroquinone cartridge may be very useful in the sampling of aldehydes in polluted
environments, due to the reaction of hydroquinone with.N@e possibility of using a
hydroquirone cartridge to remove N@om the sample matrix was tested by connecting
a hydroquinone cartridge to the outlet of the gas bulb, with a DNPH cartridge connected
to act as a breakthrough cartridge. Nfas was pumped through the cartridge at a flow
rateof 0.5 L/min as described in Secti@i/7.1.1 If any NOQ was not captured by the
hydroquinone cartridge and broke through, theM@Ould react with the DNPH, and
form DNPA, as described in Secti@¥.2 The HPLC analysis of the DNPH cartridge
showed no evidenoaf any formation of DNPA and therefore the capture efficiency of
NO: on a hydroquinone cartridge is 100 %. The hydroquinone cartridge will be effective
in removing NQ from the sample matrix.
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Figure 6.7: Comparison of collection efficiencies of prepare cartridges

Silica gel cartridges coated with a combination of hydroquinone and PFBHA were
prepared as described in Sect®a.5 To determine if the combination of hydroquinone

and PFBHA would be more effective in the capture of acrolein, the collection efficiency
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of the newly prepared cartridge was determined as described in S&8t®T he results

in Figure6.7 show that the collection efficiency for formaldehyde and acetaldehyde was
still effective. The lower method recovery for acrolein is due to the collection efficiency
of the sorbent, as the recovery from the cartridge is 96.4 % and the a€&BRHA
derivative is stable, as shown@tapter 5

The combination of PFBHA with the hydroquinone coated onto the silica gel improved
the acrolein collection efficiency to 100 %. This method is therefore the best method for
the sampng of the formaldehyde, acetaldehyde and acrolein. The next step would be to
validate the method and determine the performance of the method, which is discussed in

the following section.

6.7  Determining the optimum derivatisation reaction timefor post-sampling
derivatisation

The method at this point involved the capture of the aldehydes using the hydroquinone
cartridge, followed by the addition of PFBHA to derivatise the captured aldehydes, and
subsequent elution of the aldehylEBHA derivatives into a sdion for analysis using
GC-MS. Hydroguinone acts as an inhibitor of reactions and therefore may slow down the
reaction of the aldehydes with the PFBHA. The reaction time of the aldehydes with
PFBHA in the presence of hydroquinone needs to be establish#dtsufficient time

is given for complete reaction with PFBHA, otherwise an error in the results will occur.

A mixture of aldehydes was sampled onto the hydroquinone cartridges using the gas bulb,
after which the cartridges were spiked with PFBHA, alldwed to react. After
increasing amounts of time the cartridges were desorbed and analysed uit®) Gl
response of the GOIS was followed for each of the aldehyBEBHA derivatives, as

shown inFigure6.8.

The reaction of formaldehyde and acetaldehyde with PFBHA was complete after 20
minutes. This reaction time is approximately the reaction time that has been reported in
literature (15 minutés®). Acrolein takes slightly longer, with a constant resparfdte

GC-MS after 90 minutes. The sampling could therefore be performed using the
hydroquinonecoated silica gel cartridges, followed by PFBHA derivatisation reaction in
the laboratory for 90 minutes, after which the sample could be desorbed and analysed
with GC-MS.
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Figure 6.8: Reaction time of the aldehydes with PFBHA in the presence of
hydroquinone

6.8  Description of the new method using a cartridge coated with PFBHA and
hydroquinone

The final method fortte sampling and analysis of the aldehydes in polluted environments
involves the use of a silica gel cartridge which is coated with a mixture of PFBHA and
hydroquinoneas described in Sectidh4.5 The air is sampled by usingpamp to draw

the air through the two cartridges (analysis, and breakthrough) at a given flow réite (0.5
2.0 L/min), for 8 hours. The cartridges are disconnected from the pump and capped after
sampling, and taken to the laboratory. The aldehydes redtttmét PFBHA on the
cartridge, and are eluted using 5 mL of acetonitrile. The eluent is place in a GC vial, and
the samples is injected onto a 4S for quantificationA sample volume of il with a

1.0 split is injected onto the GC column (Agilent DB (5% phenyl arylene polymer)

25 m x 0.25 mm I.D. x 0.25m). The oven temperature is initially held at 45°C for

2 minutes after injection, thereafter the oven temperature is increased it@mla f
temperature of 25 at a rate of 5°C/miThe mass spectrometer is operated in electron
ionization (EI) mode at 78V and the GC/MS interface temperature was set at@80

The ion source temperature was set aix€6@nd a total ion current mass garnof m/z
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3571 500 was scanned. Selective ion monitoring (SIM) of the PFBHA derivatives at m/z
at 181 is performed for quantification purposd@fie peak areas on the resulting
chromatogram are related to the concentrations of the aldétsBEA derivativesin

the eluent solution. The-Eand Zisomer peaks are added together for each aldehyde,
where necessary. From the aldehyde concentrations in the solution, the mass of each
aldehyde captured on the cartridge can be determined, and using the flow raje durin

sampling, the concentration of the aldehydes in the air sample can be calculated.

6.9  Analytical method performance

The performance of the proposed derivatisation method was determined. A set of standard
concentrations of the aldehydes were injected intsanapling bulb and captured on the
hydroquinone and PFBHA coated cartridges, as described in S8@idrhe aldehyde
PFBHA derivatives were desorbed, and analysed usingdGCand these results were

used to obtain calibration curves for the three aldehydes. The first step was to determine
the analytical performance of the @S method, with the resgltshown inTable6.2.

The validation parameters were compared to those of DNPH method and are included in
Table6.2.

Table 6.2: Performance data for the hydroquinone and PFBHA method as
compared to the DNPH method

Formaldehyde Acetaldehyde Acrolein

Parameter

PFBHA | DNPH | PFBHA | DNPH | PFBHA | DNPH
HInEy 0.099 | 0999 | 00998 | 0.999 | 0.997
(RZ) . . . . . =
Repeatability i
(RSD) 1.25 3.52 2.01 2.97 4.88
Sensitivity
(counts/(rg/mL)) 1049201 1.74 883589 1.52 717492
Retention time
Precision 0.11 0.25 0.16 0.17 0.13 -
(RSD)
LOD (my/m?) 2.40 1.38 6.49 1.48 2.70 -
LOQ (nmy/md) 14.7 419 39.2 4.49 16.4 -
SEUIEL 100 99 100 99 100 i
recovery (%)
Precision
(RSD) 1.23 4.9 2.78 6.5 2.19 -

aFormaldehyde WEL = 2.tg/m?
b Acetaldehyde WEL = 3hg/m?
¢ Acrolein WEL = 0.05mg/m?
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The new method results are more precise than the DNPH method. Although the limit of
detection and quantification for the new methe higher than the DNPH method, these
limits are well below the workplacexposure limits (formaldehyde 0.1 %, acetaldehyde
0.02 %, acrolein 5.4 % of the WELSs for each aldehyde), and therefore the new method
will be able to measure aldehyde exposurel¢éewethe workplace. The new method is

able to measure acrolein in air, where the DNPH method does not.

The proposed method, using a hydroquinone and PFBHA coated silica gel cartridge for
the sampling and derivatisation of the aldehydes in air, has besmsto be an
improvement of the DNPH method.

6.10 Sample sability tests

Storage stability of the samples need to be determined, as analysis is not always possible
directly after sampling, due to the need to transport the samples to the analytical facilities
asthese will not be available on site. The sample stability after elution also needs to be
determinedThe cartridges were spiked with a solution of aldehydes, capped and stored
in a fridge at %C. One cartridge was eluted and analysed each day to detdtmine
method recovery (Sectidh9) of each of the aldehydes. The stability of the cartridge in
storage was monitored over 9 days, and the results are shévwguia6.9. The aldehyde
recovery stayed ithin the acceptable recovery radtfe and the sample analysis
repeatability (RSD) for the 9 days for formaldehyde, acetaldehyde and acrolein were 5.5,
3.9 and 6.0 %, respectively.

The samples were stable for 9 days in the freig®C. The hydroquinone on the cartridge
stabilises the sample and the PFBHA forms a stable acrolein derivative, as reported in

literaturé®.

The stability of the derivatives in the eluted samples that were stored in the fridge was
tested over 8 days. The aldehylEBHA deivatives were desorbed from the cartridge
using acetonitrile. The eluent was analysed every day for 8 days, and the results are given
in Figure6.10.

The aldehydd°FBHA derivatives are stable in solution for 8 days, with an analysis
repeatability (RSD) for formaldehyde, acetaldehyde and acrolein of 2.9, 1.3, and 3.8 %,

respectively.
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6.11 Shelflife of the hydroquinone and PFBHA cartridge

The shelflife needs ® be determined before sampling, to establish if there is any
degradation of the derivatisation agent. This will influence the frequency of the

preparation of sampling cartridges for sampling.

Taking into consideration the repeatability of producing tré&ricges the shelf life of the
cartridges were constant (RSD 6.2 %) for 11 days. On tHalag, the recovery of the
PFBHA on the cartridge reduced to 80 % of the initial amount loaded. The hydroquinone
on the cartridge was stable over the 13 days &gigh (RSD of 2.4 %).

6.12 NO2 quantification using the PFBHA method

A possible additional advantage of including hydroquinone is making use of the reaction
with NO2 in the sample. The reaction of the N@ith hydroquinone results in the
formation of pbenzogunone and zitrobenzenel,4-diol. The pbenzoquinone is the

major product formed with N§and therefore should be used to quantifyxNO
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Figure 6.11: Calibration curve for NO 2 using benzoquinone
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The response for-penzoquinone was used and plotted against thechiicentration to
determine if there is relationship between the amount of the reaction product fowined a
the amount of N@that the cartridge was exposed to, as showhRigure 6.11. The
relationship is relatively linear. This method shows some potential for the analysis of NO
along with the aldehydes in a polldtenvironment. Further work to fully validate the

method is required.

6.13 Cost analysis of the new method

The cost ofpreparing a cartridge coated with hydroquinone and PFBHA should
preferably not be more expensive than purchasing the DNPH cartridges with the
equivalent capacity. The cost of the preparation of a single cartridge was calculated from
the prices of the individual components on Sigitdrich Company Ltd and are listed in
Table6.3 below. The costs were rounded up to the closest penny. The amounts of PFBHA
and hydroquinone are based on the capacity requirements for the aldehydes,and NO
respectively and the equation giverQhapter 5

Based on cuent chemical prices, the cartridge would c&k#47 to prepare. An extra
cartridge is needed for breakthrough purposes during sampling, and so the cartridge cost
for sampling is£2.94. The cheapest DNPH option co$i34.62 taking capacity
requirements ito account, which is almostvelve times the cost othe new method
cartridge.Also, the DNPH method would require 25 mL of acetonitrile compared to 10
mL of acetonitrile for the new methoMloreover, the cartridge could possibly measure

the NQ concentrabn of the sampled air as well. @@S running costs are cheaper than
those for HPLC.

Table 6.3: Cost of the cartridge components (Sigma&ldrich Company Ltd)

Component Specification Cost )
Cartridge Empt.y 3mL polypropylene cartridge with 1.20
PE frits

High-purity grade (Davisil Grade 633),

Silica gel sorberit 350 mg pore size 60 A, 20825 mesh particle size 0.08
PFBHAT 3 mg For GC derivatisati 018
Hydroquinoné 2.4 mg Reagent Bf%wsE 09 0.01
Labour £14 per hour, 5 cartridge per hour 2.80

TOTAL 4.27
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6.14 Conclusion

The aim was to determine the best sorbent for the sampling of aldehydes from air, and
then to select the best derivatisation reagent that would suite the sorbent ofiohmmte.

cases it was necessary to ensure a good capturing efficiency and recovery of the aldehyde
derivatives from the cartridge for analysis. The best sorbent was identified to be a silica
gel coated with hydroquinone. There are several advantages¢physiroquinone on

silica gel as a sorbent for the sampling of aldehydes:

1 Hydroquinone stabilises the acrolein, therefore no polymerisation takes place,
resulting in less reaction products with the derivatisation reagent.

1 It may be possible to quantify NGsimultaneously with the aldehydes, by
measuring goenzoquinone using GC.

1 Hydroquinone is an antioxidant and therefore may remove the ozone from the
sample before it destroys the aldehydes.

1 If derivatisation was to take place post sampling, any deriviatiseeagent could
be used for the derivatisation of the aldehydes. The reaction of ozone, NO, NO
and CO with the derivatisation reagent would be removed, and no interference
from the reaction products would be encountered. This would require taking into
account the recovery of the aldehydes derivatives from the cartridge.

1 The capacity of a hydroquinone coated cartridge for aldehydes will probably not
be affected as much by the presence of NO; & CO, because the capture of
the aldehydes is not depemtleon the reaction of the aldehydes with the

hydroquinone on the cartridge.

Hydroquinone does not react with NO and CO, however, there was substantial reaction
observed with N@ When combined with the PFBHA derivatisation reagent, the reaction
products of hydroquinone with N@ do not interfere with the aldehyd®BHA

derivatives on the GMS chromatogram.

Using a hydroquinone cartridge for the sampling of aldehydes, requires an effective
sample preparation step where the aldehydes are recovered fullyhizarartridge for
analysis. The derivatisation of the aldehydes with PFBHA and the elution after gave the
best results and therefore this method was chosen for the sampling of formaldehyde,
acetaldehyde and acrolein in air, although the method recovemciolein was just

below the acceptable recovery level. The method was further optimised by adding the
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PFBHA along with the hydroquinone as a coating onto the silica gel cartridge. Sampling
with the combined cartridge improved the acrolein method recdwet@0 %.The cost
of the new PFBHA method was calculated to be more cost effective than the DNPH

method, when comparing capacity requirements.

The method validation showed that the method is fit for the purpose of sampling and
analysing formaldehyde, aedédehyde and acrolein in air, simultaneously, to the required
levels for workplace exposure determination. For the first time, a method for the
simultaneous determination of formaldehyde, acetaldehyde and acrolein has been
developedtakinginto account th interferences from NO, NGand CO. This method

could be applied in various polluted environmerits the analysis of aldehydes
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Chapter 7
Testing thenew method performance in simulated and reakworld
environments

7.1 Introduction

A method for sampling and analysisformaldehyde, acetaldehyde and acrolein has been
developed using a hydroquinone and PFBHA coated silica gel cartridge with analysis on
GC-MS. The aim of this work is to develop a method that simultaneously analyses for the

three aldehydes in pollutedhnaronment.

The method so far is able to analyse the three aldehydes with the same method, and
evidence obtained i@hapter mndChapter &o far shows that hydroquinone and PFBHA

are only slightly affected by the presence of NO,.NM@d CO. It is therefore necessary

to determine whether these gases have any effect on the capture atdnretethe
aldehydes during sampling. This will be tested in two ways: by simulated environments
and a realvorld sampling campaign. The DNPH method was included during the
evaluation for the purpose of comparison. It is anticipated that in these g@ollute
environments that the DNPH would be consumed by NO; &@ CO, and therefore

would give underestimated results for the aldehydes, as discusSkdpter 4

According to the study by Ho and Yu (2082)ozane only interferes with the sampling

and quantification of acroleivhen using PFBHAwith no effect observed on the
quantification of formaldehyde and acetaldehyde. No other information was found in
literature on the impact of ozone on the destructioREBHA. The effect of ozone on

the cartridge has yet to be determined, as the presence of hydroquinone may protect the
PFBHA and the aldehyde derivatives on the cartridge. Any destruction of the PFBHA on
the cartridge will result in a reduced capacity & dartridge for the aldehydes. If ozone
destroys the aldehye@FBHA derivatives, this will result in the underestimation of the

aldehyde concentrations in the samples.

7.2  Method performance in the presence of ozone

Hydroquinone coated silica gel cartridgesddeen used for the removal of ozone from
the sample matrix. Although the hydroquinone is present on the cartridge, it is expected
that ozone would interfere with the quantification of the aldehydes, as it is such a reactive

compound. If the reaction ofzone with hydroquinone is faster than any of the other
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possible reactions on the cartridge, the hydroquinone will remove the ozone from the
sample matrix and protect the PFBHA as well as the aldeRiB#HA from destruction

by the ozone.

To understand theffect that ozone will have on the new method, blaakriciges
containing PFBHA and hydroquinone were exposetbt&9ng/m® (8 hr TWA) ozone,
resulting in the destruction 9.7 mol PFBHA per mol of ozoneand 11.64 mol
hydroquinone per mole ozon€he reaction of ozone with PFBHA is therefore preferred
over the reaction with hydroquinone, and therefore the hydroquiraaseribt protect the
PFBHA from destruction by ozone. This would result in a lower capacity for the
aldehydes of the cartridge. The use of the KI cartridge is thereksentialduring

sampling to remove the ozone from the sample.
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Figure 7.1: GC-MS chromatogram (m/z 181) of the breakdown products of
PFBHA caused by ozone

Figure7.1 shows the resulting chromatogram of the destruction of the PFBHA by ozone.
Several beakdown products were observed on the chromatogram, but could not be
identified. The compound eluting at 13.5 minutes couleelate with formaldehyde
PFBHA, and therefore cause an overestimation of the formaldehyde concentration.
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PFBHA and hydroquinoneatridges spiked with the aldehyde PFBHA solution, were
prepared, as described in Sectibd.7. The cartridgecontaining the aldehydeFBHA
derivatives, were exposed 16.59ng/m? (8 hr TWA) ozone to determine the effect of
the gas on the derivatives in the presence of hydroquinone. The re&igpsrigy/.2 show
that there is very little effect of the ozone on the formaldelsyadé acetaldehydeFBHA
derivatives These results confirmed the results observed by Ho and Yu {2bapgre
the ozone had no effect on the formaldehyde and acetaldehyde.r€adte had a
considerableeffect on the acrolein quantftion as only 63 % of the acrolein spiked

onto the cartridge was recoverachich is lower than the 91 % recovery seen by Ho and
Yu (2002).

The GCMS chromatogram only contained peaks corresponding to formaldehyde
acetaldehyde and acroleifPFBHA dervatives.No other peaks were olrsed on the
GC-MS chromatogram. Any products formed in the destruction of the acel®iHA
derivative may be retained on the cartridge during elution of the derivatives, or are lost

during sampling if they are volatile.
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The use of an ozone removal cartridge is still necessary to remove the ozone during
sampling, to prevent the destruction of the PFBHA and acr®IEBHA derivative It is
recommended that a Klartridge would be used before the new PFBHA and
hydroquinone cartridge, instead of a hydroquinone cartridge because the aldehydes would
be captured as was demonstratedCimapter 6 making the aldhydes susceptible to

destruction by ozone.

7.3 Performance in sSmulated environments

The interferences from the individual gases on PFBHA and hydroquirespectively,

have been established (Secttof.2and6.4). Hydroquinone reacts with N@o form p
benzoquinone, anBFBHA forms low amounts of reaction products with @, NG

and CQ but these products do not interfere with the quantification of the aldehydes. The
performance of the method in @olluted environments needs to be established to
determine if the method will be successful in the accurate analysis of the aldehydes in
polluted environments. The combined effect of the gases may have a different effect than

the individual gases duringepling, and this effect, if any, should be determined.

A mixture of the gases, NO, N@nd CO(0.62, 0.47, 2.16 mg/fiTWA for 8 hours,
respectively) was made with a gas mixer (representing typicat bddcentrations in a
polluted workplac¥®, as described in SectioB8.7.1.5 to simulate a polluted
environment. The gas mixtusgith constant concentratis of NO, NQ and COwas
pumped through the gas bulb which had a mixture of varying amounts of the aldehydes
injected into it, and a sampling cartridge along with a second breakthrough cartridge was
attached to the outlet of the bulb. After sampling frbra bulb, the cartridges were
desorbed using the appropriate eluent, and analysed, and the collection efficiency was

determinedusing equatior®®in Section3.3.6 The results are shown Figure7.3.

Breakthrough o&crolein occurreevhen theotal massof the aldehydewas36.13ng as
formaldehyde (point 2 iRigure7.3), but stayed above the preferable collection efficiency
(CE) of 90%, until the total mass of aldehydes equalled 144.&s formaldehyde (point

4). At this point, acetaldehyde also started breaking through. Formaldehyde started
breaking through at poidtwhere the total aldehyde mass was 21§.8s formaldehyde.

The total cartridge capacity was 4@8 as formaldehyde, which is only exceeded at point

6 (Figure7.3). Breakthrough was predicted to occur at point 6, taking intowattcthe
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destruction of the PFBHA by the interfering gasése breakthrougbf the aldehydes is
therefore not due to the capacity (availability of the derivatisation reagent) of the sampling
cartridge, but the presence of NO, Nand CO, which could be capeting with the

aldehydes for adsorption sites.
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Figure 7.3: Collection efficiency of the PFBHA and hydroquinone cartridge in a
polluted environment

Although breakthrough of the aldehydes occurred earlier than predicted by the
availability of the derivatisation reagent, the colien efficiencies were above the
preferable collection efficiency threshold until point-glure7.3), and stayed above the
acceptable collection efficiency threshold @3 for formaldehyde and acetaldehyde up

to point 6.

The DNPH cartridge (LpDNPH S10) has a total capacity of i%@s formaldehyde, and
the predictedreakthrough (availability of DNPH) should occur at point Figure7.3
(216 ng as formaldehyde), when assuming there is no destrumttitire DNPH by NO,
NO2 and COHowever, at the experimental concentrations of the &@ CO (0.47, 2.16
mg/n7), the DNPH will be entirely destroyed by the Nehd CO present.he aldehydes
and the interfering gases will be competing for adsorption sitéke cartridge, and the
gases will be displacing the aldehydes (as establish€thapter 4. The cartridge was
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therefore tested quoint 4 (144.52wg as formaldehyde), which is below the capacity of

the cartridge.

The experiment was performed in triplicate, and no peaks for the aldBiN/E and
DNPH were observed on the HPLC chroomgbm. The aldehydes were therefore not
captured or retained, and the DNPH was completely destroyed by the CO andsNO
predicted. This result is similar what was observed byRail Services Ltd.

The new PFBHA method outperforms the DNPH method asémee conditionsThe
PFBHA method gives collection efficiencies for the aldehydes abovi,98here no

result could be obtained using the DNPH method.

The PFBHA method performed within the limits required of a methaiset out in the
validation guidelirs given by OSHA for air sampling methods utilising chromatographic

analysig®’.

7.4  On-site samplingusing the newPFBHA method!®’

A gas monitoring campaign was wundertaken at
Neville Hill which is located in the eastern part of Leeds. The depot consists of two sheds,

a repair shed and a service shed, where routine maintenance of trains as well as repairs

on the engines of the trains take place. The monitoring was primarily targetad tvithi

repair shed section of the depot, over aaeek period. The gases that were monitored

were NO, NQ, NOy, CO and the aldehydes (formaldehyde, acetaldehyde, and acrolein).

Figure 7.4: Horiba APNA -370 NO analyser

The NQ, NO and NQ concentrations were monitored every 3 minutes throughout the 8
hour period, using a chemiluminescence deteckoriba APNA370 instrument,
Figure7.4). The CO measurements were read off the already installed CO monitoring

equipment (Environmental Scientifics Group) every hour. The installation was a Diesel
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Exhaust Detection System, which detects CO in the range of 0 to 50 ppm, but is cross

sensiive to other gases e.g. nitric oxide and nitrogen did%fde

Alargepr cent age of Arriva Raill Northodés trai
aftertreatment system for the exhaust gases. Several engine tests are performed, which
include frequently starting and stopping the enginesranding the engines for long
periods, during which the exhaust emissions are being emitted and accumulating in the
shed. The depot would not be classified as a confined space, however, due to the testing
of diesel engines without aftertreatment systems for the exhaust gases, eleedtenf le
pollution gases would be present.

The aldehyde and NCroncentration data will be used to assess the current air quality

within the shed and compared with the WELSs for each of the gases measured.

The aldehyde sampling cartridges and pumps wefleaaed withthe Horiba APNA:
370 in the repair shed of the Neville Hill depot. Tdieehydesampling unitalong with
theNOy analyserwas placed in a high N@as concentration area, which was identified
by previous measurements with p@ffusion tube masurements. The aldehydes were
sampled over 8 hours for the timesighted average concentration, with the \NO
concentrations beingneasurd every 3 minutes over the 8 hour period.

7.4.1 Depot Specifications: Neville Hill

Neville Hill depot (194 Osmondthorpe LanLS9 9BJ) is located about 3 miles east of
Leeds Train Station. The depot consists of two sheds, a repair shed for heavy maintenance
and repair work and a service shed for lighter maintenance. The Repair shed has five
roads (train platforms) with roadsahd 2 designated for electric trains and roads 3to 5

for diesel trains. The Repair shed is sealed at the eastern side of the shed, with trains

entering and leaving the shed via a single series of rolling doors at the western entrance.

Figure 7.5 Roof fan in the repair shed of Neville Hill depot
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There are 28 roof extraction fans ($@gure7.5), which are evenly spaced along the roof
of the repair shed. There is no variableegppcontrol of the fans, which work on an on/off

basis, as required. Some of the fans are not operational. The layout of the fans in the

Repair shed is shown Figure7.6.
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Figure 7.6: Fan layout in the Neville Hill depot Repair shed

The Repair shed has overhead Ambirad radiative heaters, as shiéi\gar’.7, which
are used to maintain an ambient temperature of at least 13°C, with an automated system

in place to switch these on when the temperature drops below this. These heaters did not

switch on at any time during the sampling campaign.
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In addition, the Repair shed has a glass roof, as is obser¥eguire 7.7, allowing for
natural light to enter the shed. Along with the presence of formaldehyde, which is an
ozone precursor, the presence of ozorthénshed is therefore anticipated. The use of a

Kl-cartridge for the removal of ozone during sampling was implemented.
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7.4.2 Trains present in the Repair shed

Two train companies supply diesel engine trains, called diesel multiple units (DMU) to
Arriva Rail Notth, namely Angel Railways and Porterbrook. The engine types are mainly
Cummins NT855 engines, with a Perkins 200&8H and MTU 6R183TD13 engines also

present.

7.4.3 Monitoring and sampling locations in the Repair shed

The sampling and monitoring locations wer@s#n based on previous AN@iffusion

tube results from the Repair shed. The highest concentrations 0ivBl® observed at

the centre of Road 5 and Road 3. However, a convenient sampling location next to Road
3 was not possible, as the sampling and mangaquipment would obstruct the passage
next to road. The location in the middle of Road 5 was labelled Location A, as indicated
in Figure7.8. Location B was chosen as an area where theddficentrations measured
using the diffusion tubes were at the lowest. The low concentrations aENQe to the
location being next to the entrance doors, which are regularly opened and closed during

the day, allowing for the dilution of the gas.

West East
Road5 |~~~
Road4 |~ g
@
o
_____________________________________________ g
Road3 | . ____ o ______] g
Dividing wall 5
Read2 | ]
Electric trains section
Roadl [

Figure 7.8:. Sampling locations in the Repair shed

At both sampling points the DNPH and the new PFBHA cartridges were used in parallel,
to compare the methadsults. The samples were taken for 5 consecutive days, for 8 hours
a day. The total N© NO and NQ gases were monitored every 3 minutes throughout the
8 hour period, using Bloriba APNA370 instrument. CO measurements were read off
the already installe€O monitoring equipmentlr{finite Automation Systen)severy

hour.
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7.4.4 Samplingprocedure

The aldehydes were collected by drawing air through the PFBHA and DNPH sampling
cartridges (with a breakthrough cartridge) simultaneously using the Gemini twin port
conneted to the personal sampling punipSCORT EIf® Air sampling pump, Zefon
International and SKC, USA) at a flow rate @0.5 L/min for each cartridge. The flow

rate of the pumps were checked before and after sampling using a Restek ProFLOW 6000
Electronic Fowmeter. The sampling time was for 8 hours (07:3%:30, corresponding

to the day shift). A potassium iodide (KI) ozone removal cartridge was placed upstream

of both the sampling cartridge sets in order to prevent the interference of ozone.

After samping, the cartridges were disconnected, capped and sealed with parafilm and
transported back to the laboratory. The samples were immediately eluted and analysed on
return to the laboratory. Each sampling set on a day included one field blank each for the
DNPH and the PFBHA method.

7.5 Results

7.5.1 Matrix determination and observations

Theroutine repairing and maintenaneerk in the Repair shed was done on a shift basis,
with the shift changes at 07:30 and 15:30 during the day. The sampling times matched
the day shit starting at 07:30 in the morning. The majority of the train movements in and
out of the Repair shed took place during the times of the shift changes, but there was some
train movement during the day as well. Work on the engines would start aroung 08:00
after movement of the trains (arrival and departure) smahe initial engine tests were
performed. As the work progressed during the day, the individual enfgoraseach

DMU would be started up for testing for various lengths of time. Not all the raatls
trains on them every day, but the Repair shed contained at leB81U6 every day A

pit cleaner, which also runs on diesel, was also intermittently used during the day, which

emitted large amounts of dark grey clouds of smoke.

The doors to the roadsere sometimes opened when the engines on the road were
running, depending on the ambient temperature in the shed, and the comfort of the
workers. The extraction fans were switched on during wiote engine tests. The NO

and CO concentrations duringah 8 hour sampling period for each day is shown in
Figure7.9 andFigure7.10.
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Figure 7.9: Nitrogen dioxide concentrations at Location A during each of the 5
days of monitoring
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Figure 7.10: Carbon monoxide concentrationsclose to Location Aduring the 5
days of monitoring

The NG concentration chart show periods on days 2 and 3 where the concentration of

NO> was elevated. These periods correlate to times when many DMU engines were
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running, and the period at the end of day 3, several DMU engines were running with the
extraction fans switched off and the doors were kept closed. Similar periods can be seen
on the CO concentration charfEigure 7.10), however, these periods did not seem

excessively high compared to the rest of the time periods.

The maximum concentrations of N@nd CO never exceeded the workplace exposure
limits of 0.9 and 23 mg/f respectively.

7.5.2 Comparison of the aldehyde meagements

The PFBHA sampling of the aldehydes was done in paraligi the DNPH methodo
compare the result¥he results obtained for formaldehyde with both methods at location
A and B are shown iRigure7.11andFigure7.12, respectively.

The concentration trends over the 5 days follow a similar trend. The concentration levels
of formaldehyde were in the range of 3i88.09 ng/m?, according to the new PFBHA
method, with Day 3 showing a maximum corttation, which correlates with the
observations and Nnd CO measurements. These levels are far below the UK WEL of
2.5 mgi?® for formaldehyde.

Location A
10 -

-@-Formaldehyde (PFBHA method)
g8 { -@Formaldehyde (DNPH method)

Concentration (Lg/m?)

Day 1 Day 2 Day 3 Day 4 Day 5
Day

Figure 711 Compar i son of the PFBHA Idehyderd3li H met hodod
at Location A (WEL 2.5 mg/md)

The DNPH method underreported the formaldehyde resultsb9386, as was expected
in the presence of CO and NO
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Figure 7.12 Comparison of the PFBHAandDNPH met hod 6 s fesutsmal de
at Location B (WEL 2.5 mg/m?)
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Figure 7.13: Formaldehyde (both PFBHA and DNPH methods) and N@
concentrations comparison
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The formaldehyde concentrations measured for daghwere compared with the NO
concentrations for each day, as showrrigure7.13. The formaldehyde concentration
trend followed the N@ concentration trend, except for Day 5. Similarly, the CO
concentrations were compared te tbrmaldehyde concentration, and are represented in
Figure7.14.

Days 1 to 3 followed a similar trend to that of N@ncreasing each day. However, on
Day 4 there was a spike in the CO concentration. On Day BXHH method did not
detect formaldehyde, which is due to the CO consuming the DNPH and displacing the
formaldehyde from the cartridge. Acetaldehyde and acrolein were also not detected by
the DNPH method on Day 4. During Day 5 the formaldehyde,, M@d CO

concentrations were similar to Day 1.

3 - 10
—-CO

-®-Formaldehyde (PFBHA method)
-®-Formaldehyde (DNPH method)

AN

Day 1 Day 2 Day 3 Day 4 Day §
Day

CO Concentration (mg/m?3)

Formaldehyde Concentration (pug/m?)

Figure 7.14: Formaldehyde (both PFBHA and DNPH methods) and CO
concentrations comparison

The formaldehyde concentrations are relatively low as compared to measurements at bus
stations (38.8 115nmy/n)*> 8 and traffic tunnels (5 38.5 g/m®)%2 77, as the ventilation
from the open doors was good. The formaldehyde concentrations measured are

comparable to rural and urban pollution levels (68.5ng/m?)°" 0 79,
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Acetaldehyde was not detected by either method over the five days. Acetaldehyde
concentrations are generally lower than formaldehyde concentrations, as is summarised

in Table2.1 andTable2.2 from literature reports.

Figure 7.15: Acrolein concentrations for locations A and B over 5 days
(WEL 0.05 mg/n¥)

The acrolein conggrations obtained by the PFBHA method for location A and B are
shown inFigure 7.15. The concentrations followed the same tremdrdhe 5 days, but
location B hadower concentrationgor Days 3 to 5Location Bis closer to the open
doors, and therefore is a better ventilated area, and therefore the concentrations are
diluted. The acrolein concentrations were close to the WEL ofgf®®, and on Day 4

the acrolein concentration exceeded the WEL at location Aagtdein concentrations

for location A were compared to the N@Figure 7.16) and CO Figure 7.17)
concentrations. The higher concentrations of acrolein on Day 4 also correlate to a higher
concentrationof CO. The DNPH method cannot be used to measure acrolein, and

therefore no data was obtained.








































































