
INFORMATION TO USERS

This manuscript bas been reproduced from the microfilm master. UMI

films the text directly trom the original or copy submitted. Thus, sorne

thesis and dissertation copies are in typewriter face, while others MaY he

from any type ofcomputer printer.

The quality of this reproduction is dependeot upon the quality of the

copy submitted. Broken or indistinct print, colored or pOOl' quality

illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete

manuscript and there are missing pages, these will he noted. AIso, if

unauthorized copyright material had ta be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand corner and

continuing from left to right in equal sections with small overlaps. Each

original is also photographed in one exposure and is included in reduced

form at the back ofthe book.

Photographs included in the original manuscript have been reproduced

xerographically in this copy. Higher quality 6" x 9" black and white

photographie prints are available for any photographs or illustrations

appearing in this copy for an additional charge. Contact UMI directly to

arder.

UMI
A Bell & Howell Information Company

300 North Zeeb Raad, ADn Arbor MI 48106-1346 USA
313n61-4700 800/521-0600





NOTE TO USERS

The original manuscript received by UMI contains pages with
indistinct, light, broken, and/or slanted print. Pages were

microfilmed as received.

This reproduction is the best copy available

UMI





(

(

(

Long-Teno Integrated SampUng to Cbaracterize

Airbome Volatile Organic Compounds

in Indoor and Outdoor Environments

by

Philippe Simon

Department of Occupational HeaIth

Faculty of Medicine~ McGill University

Montreal ~ Canada

February 1997

A Thesis submitted to the Faculty of Graduate Studies and Research

in partial fulfilment of the requirements of the degree of Ph.D.

00 Philippe Simon~ 1997



National Library
of Canada

Acquisitions and
Bibliographie Services

395 Wellington Street
Ottawa ON K1A 0N4
canada

BibrlOthèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue WeIing10n
0Itawa ON K1 A 0N4
Canada

The author bas granted a non­
exclusive licence allowing the
National Library of Canada ta
reproduce, loan, distribute or sell
copies ofthis thesis in microform,
paper or electronic formats.

The author retains ownership ofthe
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
penmSSlon.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distnbuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sm papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-30387-X

Canadrl



(

(

(

A la mémoire de ma mère de qui je ne suis qu'un simple

fruit de la nature. EUe a su être pour moi une grande source

de motivation et d'inspiration ce qui m'a toujours poussée

vers l'équilibre, la réussite et le bonheur.

Pour toi ma mère



(

(

(

ABSTRACT

Sampling methods used for the assessment of exposure to volatile organic chemica1s

(VOCs) in the workplace or for environmental studies are now limited to an upper

integrative sampling time of 24 hours or less. Generally, these methods lack versatility and

are difficult to use. A passive sampler that can extend sampling periods was developed as

pan of this research. This novel sampler relies on capillary tubes to restrict and control

ambient air entry ioto an evacuated sample container.

A mathematical model was derived by modifications to the Hagen-Poiseuille and ideal gas

laws. This model defines the relationship between container volume and capillary geometry

(length/internal diameter) required to provide selected sampling rimes. Based on theoretica1

considerations, simulations were performed to study the effects of dimensi:>nal parameters.

From these results. capillaries having 0.05 and 0.10 mm internai diameters were selected

according to their ability to reduce sampling flow rates and to increase sarnpling times.

Different capillary lengths were tested on various sampler prototypes. It was found that

a constant sampling flow rate was delivered when a maximum discharge rate was

established under the influence of a pressure gradient between a vacuum and ambient

pressure. Experimental flow rates from 0.018 to 2.6 ml/min were obtained and compared

with model predictions. From this comparison, empiricaJ relationships between capillary

geometry and maximum discharge rate given by the pressure gradient were defined.

Essentially, based on these empirical relationships, capillary sampling flow controller

specifications can be calculated to offer extended integrated sampling periods. On this

basis. sampler prototypes were configured for stationary sampling and personal sampling.

Studies. based on theory, have indicated that factors such as temperature, humidity and

longitudinal molecular diffusion are not likely to influence the passive sampling process.

Subsequent experiments confirmed that temperature changes should not significantly affect

tlow rates delivered by controllers, and that molecular diffusion does not have any impact
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on the representativeness of long-terrn sarnples. Recovery tests provided acceptable results

demonstrating that selected capillaries do not conmbute ta adsorption that could seriously

affect the validity of this sampling approach.

Field demonstration studies were performed with both stationary and persona! sampler

prototypes in the indoor and outdoor environments. The performance of the sampler

compared favorably, and in sorne instances, exceeded that of accepted methodology. These

nove1 samplers were more reliable, had greater versatility and principally, allowed

sampling periods extending from hours to a month. These inherent qualities will assist

industrial hygienists and environmentalists in the study of emission sources, pollutant

concentrations, dispersion, migration and control measures. This nove1 sampler is

presently the only device available for the effective study of episodic events of VOC

emission.

Selected capillary geometries acting as a restriction to the entry of ambient air into

evacuated sample container can provide a sirnple~ versatile and reliable alternative for the

collection of VOCs. This approach can contnbute to a better understanding of VOC effectS

on human health and the environment.
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RÉSUMÉ

Les méthodes d'échantillonnage intégré utilisées pour déterminer l'exposition aux

composés organiques volatils (COVs), qu~elles soient appliquées en milieu de travail ou

pour l'étude de la protection de l'environnement, sont toutes présentement limitées à une

durée d'échantillonnage inférieure à 24 heures. Ces méthodes sont généralement complexes

à utiliser et peu polyvalentes. Dans le cadre des travaux de recherche, un échantillonneur

passif permettant de prolonger la durée de collecte a été développé. Le principe de cet

échantillonneur s'appuie sur l'utilisation de tubes capillaires pour restreindre et contrôler

rentrée de l'air ambiant à l'intérieur d'un réservoir initialement sous vide.

Un modèle mathématique a été dérivé à partir de modifications à la loi d'Hagen-Poiseuille

et celle des gaz parfaits. Ce modèle définit la relation entre le volume du réservoir utilisé

et la géométrie d'un capillaire (longueur/diamètre interne) nécessaire pour fournir la durée

d'échantillonnage désirée. Sur la base de considérations théoriques, des simulations ont été

réalisées afin d'étudier l'influence des paramètres dimensionnels. À partir de ces résultats.

des tubes capillaires possédant un diamètre interne de 0.05 mm et 0.10 mm ont été

sélectionnés en fonction de leur capacité à réduire considérablement les débits

volumétriques, pour ainsi accroître les durées d'échantillonnage. Différentes longueurs de

ces deux capillaires ont été testées en laboratoire à l'aide de prototypes. Il est prouvé qu'un

débit d'échantillonnage constant est généré durant une période pour laquelle un écoulement

optimal s'établit sous l'influence d'un gradient de pression entre le vide et l'atmosphère.

Des débits d'échantillonnage expérimentaux variant entre 0.018 et 2.6 ml/min ont été

obtenus et comparés aux prédictions mathématiques. Ces comparaisons ont permis de

définir des relations empiriques entre la géométrie d'un capillaire et l'écoulement optimal

fourni par le gradient de pression. Essentiellement, il est démontré que les spécifications

d'un contrôleur capillaire peuvent être adéquatement calculées pour offrir des durées

prolongées d'échantillonnage intégré. Sur cene base, des prototypes ont été configurés

pour l'échantillonnage stationnaire et l'échantillonnage personnel.
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Des études s'appuyant sur des considérations théoriques ont démontré que des facteurs tels

la température, 1'humidité et la diffusion moléculaire longitudinale ont peu d' influence sur

le processus d'échantillonnage passif. Des expériences ont confrrmé que les changements

de température n'affectent pas significativement les débits générés par les contrôleurs.. et

que la diffusion moléculaire n'a pas d'impact sur la représentativité des échantillons

collectés à long terme. Des essais de récupération ont fourni des résultats satisfaisants.

démontrant ainsi que les capillaires utilisés ne contribuent pas à des phénomènes

d'adsorption pouvant nuire à la validité de cette méthode d'échantillonnage.

Des études de démonstration sur le terrain ont été menées dans des environnements

extérieurs et intérieurs.. à l'aide de prototypes pour l'échantillonnage stationnaire et

personnel. La performance des échantillonneurs s'est comparée favorablement aux

méthodes approuvées. Les nouveaux échantillonneurs sont fiables. polyvalents et ils

permettent surtout d"étendre la durée d'échantillonnage de quelques heures jusqu'à un

mois. Ces qualités intrinsèques peuvent aider les hygiéniste industriels et les

environnementalistes pour étudier les sources d'émissions. les niveaux de pollution. la

dispersion et la migration ainsi que les mesures de contrôle. Le nouvel échantillonneur est

présentement le seul outil disponible poUf étudier efficacement les événements épisodiques

d'émission de COVs.

La sélection d'une géométrie de tube capillaire agissant comme restriction pour

l'échantillonnage passif de l'air ambiant à l'intérieur d'un réservoir initialement sous vide

est une alternative simple. polyvalente et performante pour collecter les COVs. Cette

approche peut permettre de mieux comprendre l'influence des COVs sur notre

environnement et notre santé.
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l-INTRODUCnON

1.1-Statement of the problem

Volatile organic compound (VOC) exposure can be an important human health risk.

Although low levels of many VOCs are found in drinking water or food~ arnbient air can

be the major contributor to the overall absorbed dose. Thus~ for many airbome organic

chemicals~ regulations are applied to mitigate the potential health hazards from inhalation.

The effects of VOCs on our environment are a1so weil documented. Many contribute. to

different degrees~ to global warming and/or to the stratospheric ozone layer depletion.

Furthermore~ VOCs participate in the photochemical formation of annospheric oxidants

(tropospheric ozone) which are strong respiratory irritants. Based on these facts~ stringent

controls have been increasingly implemented to reduce emissions.

Air quality srudies have been routinely conducted to assess exposure to VOC~s both

indoors and outdoors. In both instances~ previous research has clearly demonstrated that

integrated sampiing rime is criticaI to the development of an effective survey strategy

(Roach~ S.A.~ 1977). Statistically~ it is recognized that increasing sampling rime

contributes to a reduction in the variability of the measurements obtained to define

exposure (Spear. R.C. et al.~ 1986)~ or 10 establish background levels (Zimmer. C.E. and

R.I. Larsen~ 1965). Temporal fluctuations will affect the number of sarnples required to

evaluate mean airbome concentrations and to characterize their distributions (Rao. S.T.

et al.• 1991). Theoretically~ air quality studies would need less observations with long-term

integrated sampling to detect statistically significant differences between sampling sites.

Arguments to increase sampling periods can aiso be found in toxicalagy. It has been

suggested that sampling time should he adapted to represent human uptake .. distribution

and elimination kinetics in arder ta relate exposure measurements to total body burden

(Saltzman~ B.E.~ 1970; Rappaport, S.A.~ 1988). For Many toxie airborne chemicals.



longer sarnpling periods would provide a better estimate of adsorbed dose~ and therefore

improve the evaluation of poœntial risk from chronic exposure. Presently~ ail VOC

sampling methods are Iimited to an upper integrated sampling time of 24 hours or less.

This is mainIy due to a physicaI barrier to the achievement of lower sampling flow rates.

Current technologies apparently cannot provide an accurate convective ambient air flow

rate below 2 ml/min.

( CHAPTER 1 /NfRQQUC17ON

(

(

Two sampling approaches are now used to collect voes during field surveys. Methods

rely either on sorbent rnaterials te concentrate target pol1uta.nts~ or on evacuated containers

to collect whole air samples (Jayanty ~ R.K., 1989). Active or passive techniques cao be

implemented with both approaches. Sorbent-based methods are widely used in indusrrial

hygiene. Active methods using calibrated pumps to deliver constant flow rates ta sorbent

materials are considered as state-of-the-art. Passive devices are aIso popular because of

their simplicity, low cost and convenience. However ~ with this method.. the sampling rate

which is controlled by diffusion is less precise and reliable when compared with convective

flow rates obtained from a pump. GlobaIly, both these methods lack versatility. Sorbent

materiaIs must be chosen based on the nature of VOCs ta be collected, that is~ their

volatility and whether they are polar or non-polar. Environmental factors such as

atmospheric humidity and temperature aIso significantly affect measurements.

Furthermore, sorbent capacity sometimes limits sampling periods in the heavily polluted

environments usually encountered in indusrrial workplaces and~ often samples are lost

because of overloading. Canversely, whole air collection methods are more widely used

in environmental studies, mainly because hetter sampling containers namely .. summa

canisters, were developed. Summa canisters were shown to maintain the inœgrity of Most

VOCs during sampling and storage periods (Oliver, K.O. et ai., 1986; Brymer, O.A. et

al. ~ 1996). Recently ~ the final draft for U.S.EPA merhod To-15 was released in which

sampling procedures based on the use of these canisters were defined to measure 97 VOCs

listed as bazardous airbome pollutants in Title III of the US Clean Air Act amendments
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(U .S. EPA, 1995). Active or passive whole air methods can he used and in both cases,

flow controllers such as mass flow controllers or critical orifices govem the process. The

sampling flow rate delivered by these electronic or mechanical devices directly affects

ïntegrated sampling periods. In fact, the level at which they maintain a relatively constant

volumetrie fIow rate dietates sampling tirnes. Active sampling systems using pumps

provide pressurized samples in summa canisters. This method may be more effective in

controlling sampling times, but it is generally more expensive and cumbersome. Passive

methCKis are simpler te use. They provide subpressurized integrated samples based on the

period when maximum flow rates are discharged. The sampling approach with summa

canister is considered a gold standard because of its reliability and non-specificity (Des

Tombes, K. et al., 1991; Tang, Y.Z. et al., 1996). However, both approaches lack

versatiIity because of the limited range of fIow rates delivered by present flow controllers.

( CHAPTER 1 INTRODUCTION

(

(

There is obviously a need for more flexible sampling strategies for bath industrial hygiene

and environmenral investigations. A method that would allow a longer sampling time

would improve air quality smdies in bath instances. Whether persona! or stationary

sampling is required, extended sampling durations can be a more meaningful and cost

effective approach to evaluate and characterize airbome VDes.

t.2-0bjectives of the study

This research anernpts to answer severa! questions related to the use of capillary rubings

as restrictive flow rate controllers for th~ sampliog of ambient air ioto evacuated

containers, a process which is driven by a pressure differential. The concept is newand

bas never been investigated before.

The main objectives of this research are surnmarized as follows:
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1) to develop and evaluate a capillary flow controller for the long-term integrated

passive sampling of VOCs using evacuated sampling containers sueh as summa

canisters;

(
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2) ta demonstrate the applicability of long-tenD integrated passive samplers using a

capillary sampling flow controller (CSFC).

Specifie secondary objectives relevant to this research are as follows:

ta swdy the influence of design parameters on the achievement of controlled low

flow rates provided by selected capillary geometries;

ta derive mathematical equations that establish the relationship between sarnpling

times and flow controller design parameters;

to configure and assemble passive sampler prototypes;

ta estirnate the effect of enviranmental factors on the validity and the reliability of

long-term passive samplers;

ta evaluate the representativeness of gas samples collected in summa canisters aver

extended sampling periods;

to test prototypes in field surveys and compare integrated passive sampler

performances with currently approved sampling methods;

ta develop laboratory analytical procedures that will achieve the Ge

quantification of long-term samples.
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1.3-OrganizatioD of the thesis

INTRODUCTION

(

This thesis is divided into six chapters and four appendices. A brief description of each

chapter and appendix follow:

Chapter 1: Introduction. Establishes the nature of the problem being investigated and

the objectives of this research.

Chapter 2: Literawre review broken down into two sections. Section 1 provides a

synthesis of relevant factors involved when airborne VOCs are monitored

te characterize exposures outdoors and indoors. Section 2 provides a review

of active and passive sampling methods.

Chapter 3: Material and methods divided inta two sections. Section 1 concerns

laboratory techniques and materiaJs used ta conduct sampling swdies.

Section 2 describes equipment and procedures used ta analyse samples.

This research's findings can be more effectively reponed and discussed as {WO distinct

entities. Thus.. the next two chapters will deal with the development and design of a novel

flow controller and present results of the validation swdies conducted with the device

respectively.

(

Chapter 4: Results conceming the development of a new device for long-term

integrated passive sampling of ambient air VOCs: the Capillary Sampling

Flow Controller (CSfC). This chapter is broken down into two sections.

The tirst section presents prototype configurations and mathematical model

equations used to design passive samplers. Section 2 gives simulation

results and experimental findings for the study of capillary geometry effeets

on f10w rates and sampling times.
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Chapter 5: Results and discussion related to validation studies conducted ta evaluate

the applicability of the nove1 sampling method. The frrst two sections

concem theoretica1 and experimental validation studies. The last section

describes the results of field demonstration studies perfonned with

prototypes in indoor and outdoor environments.

Chapter 6: Conclusion. This chapter presents conclusions derived from the findings

arising from this research. Suggestions for further studies and contribution

to knowledge are aIso included.

Appendix 1: Invention's manuscript submitted for patents in U.S. and Canada.

Appendix 2: Calibration curves used to quantify 54 selected VDes by GC/MS.

Appendix 3: Experimental results obtained by testing inlet restriction capillary

geometries with evacuated sampling containers.

Appendix 4: Test results for prototypes reponed by an externallaboratory.

(

(
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2-LITERATURE REVlEW

Airbome volatile organic compounds (VOCs) are a source of health hazards. Among this

broad c1ass of chemicals~ many species are known te cause various health outeomes. VOCs

are present as either gases or vapors and they are mainly absorbed via the respiratory tract.

Chemica.ls such as benzene~ vinyl chloride~ carbon tetraehloride~ perchloroethylene,

methylene chloride and 1,2-dibromoethane among others, are classified as known or

suspected human carcinogens by public health and environmental authorities (ACGIH,

1993; Canada Gazette, 1989). In excess of a threshold value, exposure te VOCs

(aromatics~ halides, aliphatics) will affect specific rarget organs: liver, central nervous

system (CNS), blood (NIOSH~ 1990).

Monitoring methods have been developed ta determine airbome VOC concentrations.

Different approaches are used whether workplace exposure is assessed or outdoor levels

are characterized. Moreover, in such environments, the concentrations of airborne VOCs

differ by severa! orders of magnitude and the monitoring objectives adopted by industrial

hygienists and environmentalists may aIso differ. In each discipline~ it appears mat

sampling methodologies are limited te an upper integrated time interval. Ta compare the

sampling approa.ches, important factors in each area of expenise will be defined, and the

œchnical aspects of the methods which are presently used will be discussed.

2.1.-Airbome VOCs

VOCs are emitted by a large number of sources~ and exposure oceurs in nearly ail types

of environments. The environments are characterized by their level of contamination which

varies considerably depending on location. The highest levels of airbome VOCs exposure

are found in industrial settings where such chemicals are handled or produced~ and where

the average concentration of these VOCs are typically in parts per million (ppm). On the
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other hand, VQes are at lower levels in outdoor ambient air where many species can be

measured in the pans per billion (ppb) range. Furthermore, if urban and rural areas are

compared, it is still possible to see parts per trillion (ppt) for sorne of these chemicals io

the cleanest outdoor annosphere (Tremblay, J. and T. Daon, 1995).

( CHAPTER 2 LITERAUIRE BEYTEW

(

(

Airborne VOCs are aIso found in varions indoor environments. Offices (Hodgson. A.T.

and J.M. Daysey, 1989; Weschler., C.l. et al., 1990; Ekberg, L.E., 1994) and residences

(Seifen., B. and D. Ullrich., 1987) were shown to comain many sources of emissions which

contribute to increased exposure.

Whether high or very low concentrations are measured., the most common property of

airborne VDes is the great variability of their concentration in time. Before sampling

approaches are discussed in detail, sorne of the common objectives of field investigations

will be described. The factors which affect the temporal and spatial aspects of

concentrations will also be defined.

2 1, l-WQrkplace

Airborne VDes are sampled in the workplace to characterize a patential health hazard.

Regulations are applied ta work environments to protect an employee's health. These

regulations specify limits or standards which should oot be exceeded to prevent adverse

health effeas. Limirs are established for shon-term peak exposure as well as for workshift

average exposure: the time-weighted-average rrwA). WeIl established sampling and

analytical methods have been developed 10 determine the concentrations of selected VQCs

(NIOSH, 1984; OSHA., 1985; IRSST, 1993). They cao assist professionals in adopting the

appropriate survey sttategy. Most of these methods are valid for concenrrations ranging

from 1/10 below to severa! times above the acceptable levels: the threshold limit value

(TLV).

8



Even though stationary samples are invariably collected during industrial hygiene

investigations~ persoœl sampling is preferred ta estimate the exposure. Exposure

assessment may be the main reason for conducting workplace studies. Two approaches are

used. If the health risk associated with a specifie job classification is judged to be

homogeneous~ a representative number of workers are selected. Otherwise~ the workers

at greater risk are monitored (Norwood~ S.K.~ 1987). In all instances~ an appropriate

number of samples are required to obtain an adequate estimate of the central tendency

(mean) and the dispersion (standard deviation) which can represent workers' exposure over

time. These sampling strategies consider the time and space variations in exposure:

fluctuations in processes (production rates), maintenance, seasonal changes in ventilation

and a worker's persona! habits (Damiano~ J., 1989). In such cases~ periodic measurements

are required to provide an adequate estimate of long-tenD exposure.

( CHAPTEB2 LfCERAUlBE REVlEW

{

(

With such strategies. results from random samples collected on severa! workers assigned

to specific job categories are pooled to obtain the probability distribution. Dara are

expressed as a lognormal density function where this type of distribution best characterizes

the presence of airbome VOCs in annosphere (Ott, W.R., 1990). A weIl designed

sampling StraIegy results in greater confidence in the data obtained for appropriate decision

making.

The monitoring of VOCs in an industrial environment can have several other objectives.

It cao provide historical records of working conditions which can serve as the basis for

epidemiological studies. It can aiso be used [0 deterrnine the effects of process changes~

to identify emission sources for appropriate control implementation and to verify the

effectiveness of control measures.
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VDCs are receiving greater anention from public and environmental authorities because

of their importance as airborne toxicants., in ground level ozone and in the depletion of

stratospherie ozone. Initial monitoring efforts were frrst direeted toward the

characterization of source emissions (staek sampling)., and regulations were developed to

mitigaœ their release and to reduce air quality degradation (Montreal Urban

Comrnunity ~ 1988).

Reeently, ambient air quality criteria., whieh ineluded sorne target VOCs, were adopted

by the Ontario Ministry of the Environrnent (1992). Defined tO proteet the environment

and human health~ these guidelines suggest acceptable Iimits that are applicable for

different averaging times (annual, 24 hours., 1 hour, 10 minutes). They are used by

environmental authorities to provide a cenificaœ-of-approval to industries which

demonstrate that airbome releases will not exceed ambient air criteria at fence lîne.

Airborne VOCs are measured in outdoor environment for many different purposes.

Monitoring is performed (0 determine present conditions and trends (Singh~ H.B. et al.~

1981: Olier, J.P. et al., 1989)., and to provide input data on air quality for the validation

of large interdisciplinary urban models (Muon., R.E. ., 1981). Studies are aIso eonducted

to apportion point and fugitive sources using ehemical mass balance receptor modeling

(Aronian, P.F. et al., 1989~ McClenny., W.A. et al., 1989~ Middleton P. et al.. 1990).

The results obrained from this methodology are used to estimate the major VOC

contributors to the urban levels. With such receptor models., Scheff was able to rank the

proponion of specifie categories of emissions (vehicle exhausts, gasoline vapors.,

refineries, chemical industries, waste water treatments, vapor degreasing) for sorne

predetermined locations (Scheff., P.A. and M. Klevs., 1987; Scheff, P.A. and R.A.

Wadden~ 1993; Wadden, R.A. et al. ., 1994).

10



VOCs are aIso known as ozone precursors. They play an important role in the formation

of attnospheric oxidanrs such as tropospheric (ground level) ozone (Manahan~ S. E. ~ 1994).

Airborne VOCs react photochernically in the aonosphere with nitrogen oxides and each

chemical bas an hydroxyl radical rate constant which chardcterizes their reactivities (Allen~

P. D. et al. ~ 1989). Based on this fact~ alkanes and alkenes along with sorne aromatic

chernicals contribute more to this problem than other fractions of total VOCs such as

halogenated hydrocarbons (Dann~ T. et al. ~ 1989). Many environmental studies monitor

ozone precursor VDCs along with other air pollutants (ex. NOx, 0 3) to characterize the

relationships between these chemicals in the atmosphere (Altshuller~ A. P. , 1989;

MacGregor~ L. and H. Westberg, 1990; Altshuller, S.L. et al., 1995).

(
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Chlorinated and brominated volatile organics are of greater concem because of their

potential health effects. These halogenated airbome VDCs and sorne aromatic

hydrocarbons (ex.benzene, toluene~ xylene) are monitored in exposure assessment studies

performed to supply data for risk analysis (Paustenbach, D.l. et al., 1990). Unit factors

per concentration of hazardous VOCs are developed to estimate human cancer risk at low

exposure levels (Kolluru, R. V.~ 1991). Based on toxicology, this approach usually

assumes chronic (life-time) exposure.

There are severa! common elements in the different environmental studies in which VOC

levels are monitored in outdoor ambient air. First, stationary samples are invariably

collected. AIso, considering the complex mixtures of voes, most strategies atternpt to

measure sirnultaneously a large number of selected VOCs. The list of chemieëùs varies

according to the study objectives. For example, the United States Environmental

Protection Agency (U.S.EPA) specifies (wo separate methods whether 41 target air toxies

or 52 selected ozone precursors are monitored. These methods use similar sampling

approaches~ but the analytical procedures differ. U.S.EPA has also received the mandate

(section 112 of the Clean Air Act) ID protect public health from exposure to 189 hazardous
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air pollutants (Berry~ D.K.~ 1986). Efforts are continuously made to improve methods~ to

increase the deteetion limits and ta quantify more airborne hazardous VOCs from a unique

sampling approach (McClenny, W.A.~ 1995). As the analytical technology progresses, a

more complete contaminant profile of airbome volatile organics cao be observed.

(
CBAPTER 2 L!TERAUIRE REYlEW
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Finally, the other common characteristic of ambient air sampling strategies is that similar

parameters will influence the large variability of airbome VOCs in the atmosphere. In

outdoor air environmental studies., the space-time relationship is affected on a minute-ta­

minute basis by wind direction and speed changes. A daily cycle is present because of

other meteorological considerations (night-time stability, day-time convection.. morning­

time peak emissions: temperature inversion) and fluctuations in emission rates, mainly due

ID traffic (U.S.EPA., 1989a). 24-hour integrated samples are recommended to attenuate the

natural daily cycle effects. Meteorological conditions have a direct influence on the

exposure (Carter, R.E. et al., 1993). Apart from wind speed and direction., mixing height

is another important variable in the transpon and dispersion of air pollutants (Seinfeld,

J. H... 1986). ln a wider time frame, outdoor levels of airbome VOCs are subjected to

strong seasonal variations, concentrations being significantly higher during winter

(Hanwell, T.D. et al., 1987; Lindskog., A. and J. Moldanova, 1994). This observation is

panly explained by large-scale meteorological factors, by modifications in rates of

chemical transformations, and by the variation in emission rates~ principally from fossil

fuel combustion.

Proper sampling strategies should take into consideration these facts. Usually, a large

number of samples are required to estimate the variability with confidence (Lioy, P.J.,

1988).
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Ioside buildings or residences, VDes are suspected to cause mucous membrane irritation

and neuropsychological effects when concentration of mixtures are high, but still

significantly lower than workplace standards (Mslhave, L. et al., 1991). Individual

susceptibility is an important factor in these health outcomes frequently associated with the

Sick Building Syndrome (Kjaergaard, R.K. et al., 1991). The sampling approach must

deal with the fact that no single chemical has been identified as the causative agent.

Therefore, total VOCs obtained from analytica1 quantification is often reported in these

studies (Lenderer, B.P. et al., 1993). Again, to relate these outcomes to exposure, the

sampling approach should attempt to characterize events where airbome VOC

concentrations produce an adverse health effect.

Products such as paint, furniture, draperies and carpets (Bayer, C.W. et al. 1988~ Wallace

L. et al., 1987; Schaeffer, V. H. et al., 1996), building materials such as particle board

(MerriIl, R.G. et al., 1987), adhesives (Sanchez, D.C., 1987), photocopy machines

(Leovic, K. W. et al., 1996) and heating systems have been identified as major VOC

sources. The methods used to characterize voes in indoor air are usually derived from

bath industrial hygiene and environmental practices.

Although sorne objectives and practices are basically different, the studies of airborne

voes in ambient air, office or residences have severai common features when compared

with workplace monitoring. The fundamental principles of sampling methods used in each

area have many similarities.

2.2-Sampling methodology for VOCs

A significant overlap exists between air monitoring methods used to sample airbome VOCs
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for industrial hygiene surveys and for environmental swdies. Two technical approaches are

used in both instances: active or passive integrative sampling methods. Presently. the most

popular approach is based on the collection of VDCs on solid sorbent materials. Airbome

pollutants are trapped and concentrated in the field using a porous sorbent. The alternative

is ta colleet air samples inside a vessel which is suitable for maintaining the stability of

VOCs prior ta laboratory analysis. Both approaches have advantages and limitations. It is

obvious that. in the selection of an appropriate method. one must keep in rnind the fact that

one of the main characteristic of airbome VDCs is their great variability: the

concentrations tluctuate in time based on the many factors described above.

( CHAPTER2 LlTERATURE REVTEW

(

(

The collection of an atmospheric sample for the quantitative or qualitative evaluation of

airbome VOCs should aIso eosure that the procedure will result in a valid observation. The

precision from subsequent analytical characterization will greatly depend on sampling

errors (Kratoehvil. B.• 1987). ln fact. during the past ten years, analytical methodologies

were developed ta achieve the desired resolution and sensitivity, and data banks began to

appear (Shah. 1.1. and H.B. Singh, 1988, V.S. EPA, 1988). Different methodologies may

be used when the characterization of VOCs is required. Capillary gas chromatography

(GC) plays an important role in the analytica1 procedure. In recent years, mass

spectrometry (MS) detection following GC separation has demonstrated its use in

identifying man-made toxic organic chemicals from severa! environmental sample

matrices. including ambient air.

2.2 l-Actiye sampling techniques

The standard approach which relies on active sampling techniques can be ascribed ta

airbome contaminants collection methodologies which req'Jire the use of mechanical

systems to obtain a time integrated concentration of VDC.
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2.2. 1. l-Sorbent sampling

LUERAUlBE REY1EW

(

(

Solid sorbent materials represent the main element in many of the technical approaches

used to sample VOCs. Solid sorbents are porous materials such as charcoal, polymers,

graphitized carbons~ silica gel and alumina. They are characterized by their high surface

area. The retention capacity of sorbents is dependent on the adsorbates~ which means that

each VOC species interacts differently with the support material.

Sampling tubes are used with pumps that force air to pass through the porous sorbent

maœrial. For a given volume of air collected over an integrated sampling period using a

constant precalibrated flow rate .. VOCs are trapped in the sorbent tube and can be

quantified using the appropriate analytical procedures. In the laboratory, VOCs are

recavered before they are analyzed by Ge using either solvent or thermal desorptian

teChniques~ depending on the sensitivity required.. With the sorbent method.. the sampling

flow rate needs to be weB controlled to rninimize errors. To this end, critical orifices are

used ta stabilize and reduce the convective air flow generated by the pump (Zimmerman,

N.l. and P.C. Reist.. 1984).

Introduced in 1968, this active sampling method is widely used in workplace monitoring

(Langharst.. M.L. and L.B. Coyne, 1989) .. for persona! or environmentaI time-weighted

average (TWA) assessment af exposure to organic vapors. For this purpose.. activated

coconut charcoal shell sorbent robes are used under specifie sampling conditions ta ensure

that œrget VOCs in a measured ambient air volume are adsorbed on this high surface area

material. Active sorbent sampling has been used for the preconcentration of VOCs in

ambient air since the early 1980s. It coincided with the development of new sorbent

marerials, and of new analytical methodology using pre-column direct thermal desorption

instead of solvent desorption of concentrated analytes.This latter technique emerged with

the development of more appropriate sampling canridges to overcome observed
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contamination problems associated with direct injection to Ge/MS (Russwurm, G.M. et

al., 1981). The development of new porous polymer sorbents having lower affinity for

water also had an impact. The factors that influence this process were aIse better

characœrized: cartridge diameter, bed depth't sorbent mesh size versus pressure drop and

breakthrough volumes of severa! chemicals versus temperature (Krost't K.J. et aI., 1982).

These smdies pointed out an inherent sampling error related to the accurate measurement

of air volume, leading ta the use of more precise mass flow controllers insread of

calibrated pumps (Walling, J.F. and A.E. Bond't 1984a). The frrst accredited ambient air

VOC sampling and analytical procedures appeared as method TO-l and TO-2 (U.S.EPA,

1984a, U.S.EPA. 1984b).

( CHArTER 2 LUERATUBE REVlEW

(

(

As one of the most widely used methods in VOC determination. active solid sorbent

sampling offers many advantages. The possibilities of sampling large volumes of air and

the fact that sorbent materials are the first element in the sampling train are sorne

examples. Sorne of the major disadvantages include adequaœ reœntion versus breakthrough

characteristic for each VOC. blank conramination't and anifact formation during storage

of analyteS. Poor recovery following desorption should also be mentioned, principally for

polar voes. These are ail factors that affect analytical quality assurance (QA) and will

require more stringent control.

Sample breakthrough indicares that the capacity of the sorbent bed is insufficient for sorne

constituents of the collected gas marne In industrial hygiene't sorbent tubes contain a

second layer which is analyzed separately. This is used to confmn that less than 10%

breakthrough bas occurred. It can validate that first layer results are representative of VOC

contents in the air volume collected during the total inœgrated sampling rime. In

environmental monitoring, assessment of taxic VOCs in ambient air using thermally

desorbable traps requires good judgement in evaluating sampling volume because

breakthrough verification cannat be systematically performed. Replicate samples with
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different air volumes were proposed as an alternative for the breakthrough determination

(Walling, J.F., 1984b). However, this procedure greatly increases efforts and expenses

associaœd with QAlQC. Prediction of breakthrough can theoretically be calculated based

on expected contamination profiles, levels of individual VOC, their retention

characteristics and me sorbent used. However, the VOC mixture composition is a critical

factor and breakthrough may not only be dependent on analyte concentration (Peters.

R.J.B. and H.A. Bakkerren. 1994). It should be noted that breakthrough problems

predominantly occur with highly volatile organic compounds. In essence, when VOCs are

collected in ambient air using active preconcentration on sorbent materials, sample validity

is greatly dependent on the total volume of air which is passed through the sorbent

cartridges. Mistakes can easily occur because the optimal collected volume is a function

of VOC levels present in the sarnpled atmosphere. That last variable is not known until

sampling has been conducted.

( CHAPTEB2 LITERAU!RE REVlEW

(

(

With sorbent material. blank contamination can be encountered. However.. appropriate

corrections can he made if the baseline level is weil quantified. An analytical baseline

relies mainIy on the purity of chemicals involved in cleaning and desorbing procedures

(Chuang, J.C. et al., 1990).

Many assessment studies were conducted using this sampling technique. In industrial

hygiene.. this sampling approach was part of many workplace investigations where

workers' exposure was assessed, and exarnples are tao numerous to be cited here. In

environmental studies the situation is different because the measurement of low

contaminant levels is technically challenging. First used ta establish outdoor air levels

(Harkov.. R. et aL, 1983), this technique was also applied ta characterize indoor/outdoor

VOC personal exposure (Hanwell, T.D. et al.• 1987a; Hanwell, T.D. et al., 1987b;

Hanwell T.D. et al., 1992), to determine source strength of consumer products (Bayer.

C.W. et al., 1988) and building rnaterials (Wallace, L. et al .• 1987), to estimate the
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impact from traffic sources (Zweidinger, R.B. et al., 1988), in new office buildings

(Hodgson, A.T. and I.M. Daisey, 1989) or transportation activities (Chan, C.C. et al.,

1993; Lawryk, N.l. and C.P. Weisel, 1996; Jo, W.K. and S.l. Choi, 1996). Active

sorbent sampling also contributed to source-receptor air pollution exposure model studies

in Chicago (Aronian, P. E. et al., 1989) and in a heavily industrialized location in the

Kanawha Valley (Cohen, M.A. et al. 1989a; Cohen, M.A. et al. 1991a;Cohen., M.A. et

al. 1991b).

(
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Investigations are continuously being made in the field of sorbent materials. Compared

with activated charcoal., porous polymer sorbents have lower sorbent capacity. However,

they also have less affinity for warer and direct thermal injection of analyres into a GC is

more easily achievable. This was probably the main factor for the selection of porous

polymers such as ienax for ambient air assessment of air toxic levels by active field

preconcentration teChniques. However, studies on ï"enax have shawn inconsistent results

with sorne aromatic and halogena.ted hydrocarbons. Unidentified chemical reactions which

generated artifacts were proposed as one explanation by Walling (Walling, l. F. et aL,

1986). Other types of porous polymers tChromosorb, C Porapak) were studied and

described (RaO., N.V. and M. Sriram, 1986). Generally, the temperature limits are

relatively low « 300°C) and thermal cleaning procedures are often not sufficient to

efficiently remove compounds with high boiling points.

Graphitized carbon materials have proven their utility when one considers their high

surface areas ~ their very low affinity for water and their very high degradation

temperatures (Raymond. A. and G. Guiochon~ 1976). A comparison between c.renax TA

and a type of this new sarbent rnateriaI (Le. Carbotrap, °Supelco) was performed and

results indieated a promising fumre for graphitized carbon material, principally in handling

very volatile molecules (Rothweiler, H. et al.~ 1991). Multilayer sorbent cartridges of

either porous polyrner and/or graphitized carbon materials of different typeS are now
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applied to VOC trapping (Heavner. D.L. et al.• 1992). New types of carbon-based

sorbents (Carbosieve and Carboxen~ manufactured by ·SupeIco) are still being tested

(Vahdat.. N. et al.. (995). and better anaIyticaI resolution of chemicals is being achieved

(Helmig~ D. and J.P. Greenberg~ (994). Depending on the chemicals needed to be

trapped~ chemists cao develop and prepare their own recipes of sorbents and many

commercial preparations of multilayer sarbent sampling cartridges can readily he prepared

or purchasecL

(
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(
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Nevertheless, active sampling methods using graphitized carbon or any other sorbent

material are prone to similar limitations. For instance, sampling flaw rares are dictated,

to a certain extent, by a given sorbent material ~s retention capacity and the choices

involved are difficult to make. Invariably, integrated sampling periods cannot be extended

to more than a few hours.

2.2.1.2-Whale air sampling

Active collection of whole air samples without field preconcentration was frrst attempted

using glass bulbs and sampling bags. However~ these procedures did not adequately ensure

sample integrity prior ta analysis (Jayanty, R.K.. 1989). With these devices, VOCs may

be lost in condensed water vapors on glass or bag surfaces (Groves, W.A. and E.T.

Zellers, 1996).

Whale air sampling for voes became reliable with the recent develapment of stainless

steel summa passivated canisters (Oliver, K.O. et al., 1986). The inner metal surface of

the sampling vessel is coated with a thin layer of pure chromium-nickel oxide and

electropolished to minimize active sites. In this way. the stability of many organic

compounds is preserved and storage intervals are increased. Figure 2. 1 presents a diagram

of a 1 liter summa canister. The evacuated canisters are available in different volumes and,
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for practical reasons, the 6-1iter container is the Most commonly used for outdoor air

applications. The frrst canister-based method was initially summarized in method TO-14

(U.S.EPA, 1984c) as part of U.S.EPA's Compendium ofMethodsfor the Determination

of Torie Organie Compounds in Ambient Air (Winberry et al., 1988).

(
CHdfTER2 L!TERATUBE REVlEW

(

(

i -__

Figure 2.1: Illusrration of a summa canister

This device can he used for whole air active sampling. To collect time integrated samples.

air can he pressurized in the vessel with commercial sampling units equipped with a pump

and a rimer (Krasnec, l.P., 1988). These units can he used in Many locations because they

can he battery operated. Figure 2.2 shows the configuration of such a sampler. After initial

development., this active sampling device was modified to prevent contamination from the

sampling train (McClenney, W.A. et al., 1987).
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FIgUre 2.2: Sampler configuration for subannospherie pressure or

pressmized canister sampling using active device (U.S.EPA~

1984c)

(

These active samplers are available in (wo types of configurations: I-Multi-canister

samplers that can collect replicaœ samples and/or consecutive samples at one given

sampling point (Krasnec~ J.P, 1989. Krasnec, J.P., 1993). 2-Weatherized versions that can

he controlled to colleet in-sector/out-sector ambient air samples related 10 specifie wind

patterns (McClenny t W.A. and J. D. Pleil, 1990). The latter version is suitable for

21



monitoring upwind/downwind VOCs near fugitive sources such as hazardous waste or

sanitary 1andfiIl sites.

( CHAPTER 2 LITERA TURE REy1EW

{

(

Audits were performed on summa canister samplers and reliability problems were found

only when dry air mixtures were handled (Clark~ P. et al .. 1989). This sample container

bas manyadvantages when compared to solid sorbents: it is rugged~ easy and safe to use~

more than one injection cao be performed from the sample container ~ storage stability is

good~ no breakthrough occurs and reusability cleanup procedures are simple to perform.

The disadvanrages include the fact mat they are bulky~ costly~ and the container is the last

element in a sampling train such that the sample is more likely to be contaminated by a

component of the sampler. Finally. they were initially found to be not suitable to collect

polar compounds (McClenny~ W.A. et al.~ 1991). However.. they were recently tested with

194 VOCs including reactive compounds such as aldehydes. ketones. alcohols and

mercaptans. This study demonstrated that canisters are a viable collection and storage

media for a broad range of airborne organic chemicals including polar compounds

(Brymer, D.A. et al., 1996).

This active sampling methodology is used by Environment Canada as part of their

pollution measurement program to characterize VDes throughout the country. Twenty-four

hour integrated samples are obtained on a weekly basis. predominantly at urban sites and

at sorne rural locations (Wang~ D. et al .• 1989). In the United States. method TD-l4 and

target ozone precursor VDCs accredited methodology (method TG-12) bath involve

passivated canisters (U.S.EPA~ 1987). Sorne VOC ambient air assessment studies were

performed to evaluate a population's environmental exposure using this sampling

procedure (Grosjean. D. and K. Fung, 1986; Edgenon. S.A. etaI. 1989~ Michael .. L.C.

et al.~ 1990). However, this method is not commonly used for that purpose. Monitoring

units are expensive and relatively disturbing (noisy ~ obtrusive) for participants of

residential indoor VOC measurements. They were applied in defining VOC exposures
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during car transportation activities (Chan~ C.C. et al.. 1989; Conner~ T.L. et al.~ 1995).

These are the few examples of the application of these sampling devices in the indoor

environment.

( CBAPfER 2 LITERATURE REYTEW

(

(

Although they were specifically developed for ambient air sampling, summa canisters were

aise applied to stack sampling (Gholson~ A.R. et al.• 1989)~ subsurface evaluations for

VOC contamination (Kirshen~ N. and E. Almasi, 1992), measurements of toxic organic

contaminants in raw landfill biogas (Solecky, M.f. et al., 1992; Steenkamer. A. et al ..

1994) and in the monitoring of flux chambers dedieated to the estimation of liquid-gas and

soil-gas VOC emission rates of environmental area sources (Gholson. A.R. et al., 1991;

Reinhart., D.R. et al., 1992). An expired breath sampler prototype was also designed and

successfully tested with evacuated canisters (Pellizzari, E.D. et al., 1990).

Most reference methods used for the determination of total non-methane organic

compounds (TNMOC), consisting of a carbon based estimation of the total organic

compound contents of ambient air or other gaseous mixtures, involve evacuated stainless

steel vessels (U.S.EPA, 1993; U.S.EPA, 1994a; U.S.EPA, 1994b). In fact, canister

samplers were partially developed as a result of limitations observed during tentative

TNMOC level deterrninations using bag sarnplers (Cox. R.D. et al.~ 1982).

Summa canister based active methods provide versatility and confidence for the

quantification of VOCs in different environments. The estimation and definition of

exposure to a mixture of toxic organic chemicals involve many variables, and in the

selection of methodologies ta he applied for a predefined purpose, this device can play an

important raie. Therefore, summa canisters are becoming the standard approach for the

accurate and precise quantification of low VOC levels in ambient air.

In practice~ the use of either active sampling techniques (preconcentration on sorbent
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materials or collection of whole air sample) may be relatively expensive for large scale

field studies. Also, it should be noted that they are both limited to a relatively shan

integrated sampling rime «24 hours).

(
CHAPTER 2 LffERAUIRE REYTEW

(

2 2 2-Passjye sampliog techniques

Compared with active sampling techniques, the operation of passive samplers does not

require any source of power and generally, their cost is much lower. Field

preconcentration of VOCs on sorbent material can he achieved on the basis of diffusional

motion~ and the collection of whole air samples cao be perforrned by mechanically

controlling the pressure gradient between the atmosphere and an evacuated container.

2.2.2.1-Diffusion on sorbent

The fundamentals of passive sampling with sorbent rnaterial is based on the natura!

diffusion of compounds of interest from its immediate surraundings onto a sorbent. The

sarnpling flow rate or uptake rate of a target airbome contaminant depends on its diffusion

coeffic:ent, and is governed by Fick's fust law of diffusion. This law can describe the

movement of a compound through air due to concentration gradients. For passive sorbent

samplers, the equation used is stated as follows:

m. c.
_'=D_'
tA iL

d

(eq.2.1)

(

where ~ is the mass of analyte that diffuses (j.Lg), t is the sampling interval (s), A is the

cross-sectional area waugh which diffusion occurs (ml), Di is the diffusion coefficient

(m2/s), Ci is the ambient concentration of analyte, (J.tg/m 3) and L d is the diffusion path

length (m). For such samplers, the main design parameters are the exposed sarbent area
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(A) and the length of the diffusion pathway {LJ. The geometry of the sampler and the

diffusion coefficient will bath determine the uptake rate or sampling rate of analytes

(Fowler, W.K.~ 1982).

(
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This device bas become the sampler of choice for the evaluation of full-shift persona! VOC

exposures because it is simple to use, light and non-obrrusive. Nevenheless~ the overall

sampling accuracy is estimated al approximately ±2S % which is significantly higher than

the more conventional charcoal tube methods (+ 15 %). In laboratory experiments ~ both

approaches usually show good agreement (Leinster, P. et aI.~ 1987; Pristas~ R.~ 1991).

However~ more variabiliry is observed with passive samplers during field testing,

principally when exposed to complex mixtures (Saarinen. L. et al.~ 1987; Purdham, I.T.

et aI.. 1994).

Even though they were designed for persona! monitoring of time weighted average (TWA)

occupational exposures to organic vapors~ these passive samplers are aIso used for air

quality measurements in residential environments and outdoor air. In many instances~

sampling time exceeds 8 hours to colleet enough materiaIs for analysis. It has been

demonstrated that for low VOC levels typically found in ambient air~ sampling intervaIs

as long as 8 weeks would not overcome the sorbent capacity of commercial samplers

manufacmred for industrial hygiene investigations (Shields, H.C. and C.I. Weschlec

1987).

Onlya few examples of their applications in long-term monitoring have been reported.

This sampling technique has been used successfully for indoor air quality studies in

buildings having health and comfort complaints (Weschler, C.l. et al., 1990). Another

environmental srudy showed that the passive samplers were reliable in assessing indoor

residential VOC concentrations, but the measurement of the outdoor profile was more

difficult to resolve (Cohen, M.A. et al., 1989b). Under such conditions, systematic biases
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were found with these deviees even though they were shown to be a useful tool for the

synchronie determination of VOCs at different locations (Monn~ C. and M. Hangartner,

1996).

(
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Recently, 757 households randomly selected around the country were sampled for a 24­

hour period using these passive samplers. The investigatoTS were able to repon the levels

of 52 VDes, providing an interesting insight into the magnitude and the intensity of

exposure inside residences (Otson, R. et al.~ 1994; Fellin P. and R. Otsan, 1994).

However, more work is needed to ensure the validity of this technique, principally when

it is used to quantify many VQCs, and when the sampling rime is extended te more than

a work shift period to provide an appropriate sensitivity.

Passive sorbent badges are a valuable alternative to sample VOCs in environments where

their levels are presumably higher than what is observed in ambient air. They are now

widely used in indoor air quality studies where theyallow the collection of a larger sample

size and significantly improve exposure assessments.

AImost every commercial passive sampling device requires solvent desorption of analyres

prior to gas chromatographie analysis. This is one of the limitations. Low detection limits

are difficult to attain because of the dilution inherent to this procedure (Coutant~ R.W. and

D.R. Scott~ 1982). ThermaIly desorbable passive samplers were developed te overcome

this deficieney (Gonzalez, J. and S.P. Levine, 1986)~ but were never tested in long-term

monitoring for VOC measurements. It should he mentioned tbat in the design of thermally

desorbable passive samplers, the cross-sectional area through which diffusion occurs is

greatly reduced for practical considerations and hence the sampling uptake rate is smaller.

A constant uptake rate is usually assumed for calculating field sample final concentrations,

although the diffusion coefficient is strongly dependent on sorne physical parameters.
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Furthermore.. ambient temperature will influence the uptake rate and it may be considered

as another limitation.

(
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The main problem with increasing sampling time is that theoretically the uptake rate tends

to slowly decrease under static concentrations (Coutant~ R. W. et al... 1986a). But more

importantly .. it was shown that under fluctuating concentrations, the deviations can result

in more important biases.. principally if peak levels occur in the first part of extended

sampling periods (Coutant, R.W. et al ... 1986b). This remains a major drawback in

obtaining precise data using diffusive sorbent samplers for long terro monitoring.

Furthermore, relative humidity was shown to affect the sampling rate. For sorne VQCs,

deviations as great as 41 Percent were observed al different humidity levels in experimental

test chambers (Cohen.. M.A. et al ... 1991c). ft was also demonstrated that during long

exposures, ozone can degrade trapped analytes and produce artifact chemicals .. principally

if a porous polymer is used as the sorbent sarnpling material (Cao.. X.L. and C.N. Hewitt,

1994). These undesired reacrions are likely 10 create a bias in measurements. FinaJly, other

drawbacks related to active sorbent sampling also apply to this method. As mentioned

earlier, sorbent materials are generally not good for very volatile conraminants, and

desorption problems accur with polar compounds and overloading can cake place.

Passive sorbent samplers were shown to be reliable enough in the workplace and are now

used by industrial hygienists to determine target VOCs. However, the prediction of

diffusional migration may lead to large errors when extended sampling periods of days or

weeks are used to assess low levels of various chemicals to characterize exposure in the

environment. Nevertheless, these samplers are becoming increasingly popular for such

applications primarily because they are ioexpensive, easy to use and extended sampling

time cao be obtained. More research needs to he done before passive sorbeot samplers

become widely accepted outside occupational eovironments (Brown.. R.H. and M.D.
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Wright, 1994).

2.2.2.2-Pressure gradient sampling
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Evacuated sample containers such as summa canisters can be filled passively by the

convective motion of air driven by a pressure gradient (McClennY9 W.A. and R.J. Paur~

1988). The ambient air tlow can be reduced with mechanical tlow controllers. In active

air sampling9critical orifices 9 hypodermic needles or other tight restrictions are used to

redure the sampling tlow rate (Huygen~ C.~ 1970; Brenchley~ D.L. 9 1972). With passive

sampling methods 9 the orifice size and the sampler's volume dictate the time interval

(Eaton9 H.G. et al. 9 1976). However9 24-hour integrated samples are difficult to obtain

with 6-litre canisters because commercial flow controllers have serious limitations to

deliver very low flow rates ( Rasmussen9 R.A. and R. StaDton., 1995).

With this technique the sampling f10w rate is assumed to be constant until approximately

haIf of the vessel is filled. An integrated sample is obtained during this period when a

critical flow is established. In the laboratory ~ the sample is pressurized with purified air

to obtain an aliquot that can be withdrawn for analysis. This operation dilutes the sample

by a factor of 2 to 4., and increases the detection limit for the quantification of analytes.

However9 as a result of ail the work that was conducted recently to increase the resolution

of GC/MS analysis (Gordon9 S.M. et al. 9 1989; Kirshen 9 N. and E. AlmasL 1992; PleiL

J.D. et al.~ 1991; Brittain R. and C Feigel. 1994)~ this dilution no longer has a significant

effect on results.

Besides the critical orifice~ a typical sampling train includes an inlet filter to prevent the

entry of paniculates 9 and a vacuum gauge to record initiai and final pressure. This

sampling technique is often selected: the sampling train is easier to clean prior to use in

the field than those used with an active technique. It is aIso simpler to use and~ finally this
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approach is considerably less expensive.

LUERAUlRE REVŒ.W

{

(

The whole air collection method is not as popular in industrial hygiene~ even if this

sampling approach was initially developed to characterize workplace hazards. An

evacuated stainless steel sampler was fust reported by Miller as a simple method to colleet

instantaneous or grab samples for the quantification of gas and vapors (Miller~ R.W. et aL,

1976). A poeket size stainless steel vesse] using an inlet critical orifice was also developed

to colleet persona! passive integrated samples over a full workshift (Eaton, H.G. et al.,

1976). However ~ at the time it was reponed~ the procedures to determine the pressure

were not precise enough, and the sampler was never accepted. Also~ with the reduced

container volume, the sire of critical orifice which is theoretically required tO sufficientJy

extend the sampling time (> 8 hrs) becomes so small that particulares can physically

interfere by blocking the entry of sampled air. It is also difficult and expensive to

manufacture.

This passIve sampling approach is presently limited by the availability of reliable

mechanical flow controllers. It was never used for persona! monitoring. At higher VOC

levels such as those found in workplaces .. the physico-chemical interactions with inner

surfaces of the sample container would he less critical 10 measurement precision. Materials

such as stainless steel (Denyszyn~ R.B. and T. Sassaman.. 1987) and aluminum (Gholson..

A.R. et al., 1990) can preseIVe the VOC mixture's integrity if their surfaces are well

polished. The summa passivation technique used with canisters becomes more important

when ppb levels of VOCs are sampled.

This passive sampling technique for the collection of low VOC levels is presently limited

by an upper sampling interval «24 hours). The analysis of gas aliquots by Ge/MS

certainly gives a more accurate VOC profile measurement in the environment than any

other characterization obtained from diffusive sorbent samples. However, the technique
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would greatly benefit from the development of an inlet flow controller which would allow

longer integrated sampling times.

{
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2.2 3-0ther consideratioDs

ln many instances, a sampling approach which allows an evaluation of mean exposure and

an estimate of long term trends would he desirable. In such cases, sufficient data have tO

he collected to characterize exposure distributions over rime. Mean exposure is determined

from integrated samples which are usually collected over long averaging times. In the

workplaœ, VOCs are sampled over an entire workshift, whereas in environmental

exposure assessment, a 24-hour sampling time is often desired.

Fundamentally, the averaging time of airborne VOCs has a great impact on the variance

of the exposure distribution (Saltzrnan, B.E., 1970). Without affecting the mean results.

the extension of sampling time tends to reduce standard deviation and attenuates

fluctuations which are observed within a group of shorter averaging rime samples

(Zimmer, C.E. and R.!. Larsen, 1965). This theoretical aspect of air sampling can

indirectly influence the number of samples required to obtain a significant difference

between mean exposures when statistical inference is used to compare populations or to

test for compliance (Rao, S.T. et al., 1991).

The effects of averaging time have another dimension which is based on the

pharrnacokinetic relationships between the airborne VOC concentrations and those which

contribure to cumulative human dose. This approach introduces the rate of body

accumulation of contaminants in the sampling design through the use of biological half-life

(Rappapon, S. M. , 1988). For chronic toxicants (benzene, carbon tetraehloride and

others), these elimination times should dictate the best average sampling period for the

results to be interpreted in terms of consequent effects on the body burden. The concept
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is based on the fact that the human body physiologically dampens exposure variability and

sampling strategies should aIso smooth out shon-term fluctuations.

(
CUAPTER 2 LlTERAroRE REYTEW

(

(

The ACGIH long term limits (TLVs) refer to the average concenrration for a normal 8­

hour workday and 4O-hour workweek. This reference conceming a 4o-hour workweek

exposure panly supports the concept that longer sampling periods should be used to

characterize annospheric VOCs. As stated by Roach~ the choice of averaging period taken

on such a basis is preferable to an arbitrary choice of 15 minutes. 8 hours or a period

chosen for the convenience of the sampling instrument~ analytical procedures or measuring

personnel (Roach. S.A.~ 1977).

In practice~ the selection of snch a sampling period may not be possible. Technically. ail

sampling methods have flow rate limitations which have an impact on the averaging rime.

Presently ~ all active œchnical approaches cannOt be extended to a 24-hour sarnpling periode

Solid sorbent methods depend greatly on the flow rate used. The selection of averaging

rime is also a function of the analytical sensitiviry required since enough VDCs need ta be

collected to obtain valid results. This dependency on analytical procedures is less critical

in the case of whole air collection methods. Theoretically. it should allow more versatility

in the choice of a sampling periode However. whole air collection methods are aIso limited

to an upper sampling time by the mechanica1 flow controllers presently used to restrict

flow rate.

The sampling methods cannot only be compared on the basis of their ability to achieve an

appropriate sampling time. Other factors such as cast and precision play a raie in the

selection of a method. Sïnce budgewy constraints always interfere with swdy designs~ the

cost associated with the sampling method becomes a factor to considere Active sampling

techniques use equipment that require an imponant initial investment. This method also

requires properly trained teehnicians. Of ail the technical approaches. the use of passive
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sorbent badges is the most cost effective sampling method: they are simple to use and

affordable. Since strategies should always try to increase sample sizes.. more measurements

can be obtained with these passive monitors for a given cost when compared with active

techniques. Unfortunately .. these monitoring devices were never shown to be reliable

enough to sample low VOC levels found in urban ambient air. Based on these

considerations.. passive sampling using an evacuated container such as a summa canister

becomes the most economical method.

(
CHAprER2 LUERATUBE REYJEW

(

(

Precision and accuracy are other factors to he considered in decision making leading to the

selection of a sampling method. Sampling errors are classified as either systematic or

random. Systematic errors introduce a bias in the measurements. They cause a measured

value of a VOC profùe to a1ways fall above or below the true value.. and they can only be

prevented or minimized by constant vigilance. This implies that appropriate flow rate and

time measurements are performed and that pressure and temperature conditions are

considered in calculating concentrations. Random errors can never be totally eliminated..

but their magnitude may be reduced by careful work. They are assumed to be nonnally

distnbuted around the true value. To date.. passive sorbent badges based on diffusive flow

to colleet VOCs have the highest random sampling errors.

Measurement erroTS are aIso attributable to anaIytical procedures. However .. the variability

introduced by the time-space concentration fluctuations cao be far more important than the

ones attributed to the collection and quantification processes (Nicas.. M. et al ... 1991).

Every VOC samp~ing approach is dependent on the analytical procedures and overall

precision can he optimized by spike and recovery testing, by internaI standardization and

by an accurate control and validation at every step of the analytical process (Adkins.. J.E.

and N.W. Henry, 1993).
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2.3-8ummary

Lm:RAUlRE REYJEW

(

(

For a valid assessment of VOC exposure, the sampling method should be simple and

reliable. With a monitoring technique that could achieve long tenn integrated sampling,

one could gather sufficient information to hetter characterize the intensity and duration of

VOC exposures. It couId increase the reliability of comparing the levels measured in a

particular environment with the outeomes that are observed. This could also improve the

dose-response relationship used to detennine the threshold limit value of such chemicals.

Presently, active sampling techniques are widely used in various environments. Whatever

the monitoring objectives, they constitute the most precise approaches. They remain the

state of the art method to sample airbome VOCs. Two different technica1 approaches are

applied depending on the level of contaminants te be measured. However, active sampling

with sorbent tubes or with canisters lack versatility and simplicity.

Following the Total Exposure Assessment Methodology (TEAM) studies that provided

most of the available data on human VOC exposure outside the workplace, Wallace and

coworkers pondered whether a few repeated short-term measurements (12 hours) within

the same population could be used to estimate the long tenn exposure distribution

(Wallace, L. et al., 1994). They demonstrated that in the absence of trUe long cerro

measurements, the prediction of chronic risk may be impossible to validate.

The presence of VDes in the environment is a matter of public health. The question of

whether VOC levels can significantly increase health risks in indoor/outdoor environments

is an important concerne Most of the studies pertormed to date have rel ied on very poor

estimates based on limited set of measurements obtained during relatively short time

intervals « 24 hours).
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When VOC source emissions are highly variable. as is the case during most investigations.

the air sampling strategy requires a sufficient temporal scale to attenuate fluctuations.

Variability cao be explained by transport parameters (meteorological and climatic

conditions) and by source kinetics (emission rates). Longer sampling periods can dampen

most shon-term variations to provide better mean VOC profile estimates. With toxicants

such as VOCs. the argument for longer integrated measurements is also supponed by the

biological response observed from health studies.

(
CHAfTER2 LffERATUBE BE'{1EW

(

(

"When evaluating long-term inhalation exposures. sample results should be

representative of the long-term average air concentrations at the long-tertn

exposure points." (U.S.EPA. 1989b)

In the development of an overall strategy of sample collection. remporal and spatial

considerations are of prime importance. One needs to adopt sampling strategies which

recognize the inherent statistical nature of assessing exposure.

"More efficient air sampling programs can be designed, and clearer

interpretations of their data made. if important theoretical aspects are

clearly understood. The choice of a sampling time is an important decision

affecting the results. Empirical and theoretical calculations show that the

averaging effect of sampling time attenuates responses to shon period

fluctuations in pollutant concentrations. " (Saltzman, B. E., 1970)

Presendy, active sampling devices consist of high-tech. cumbersome and expensive

equipment that can. at best. efficiently collect ooly 24-hour integrated samples. With these

methodologies. the sampling period is limited by technological difficulties for the

achievement of low and precise flow rates. Sample sizes are also reduced when the

equipment costs required for an extensive field study are considered.
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A similar problem exists in occupational hygiene with sampling methodologies used by

industrial hygienists. As stated by Rappaport in an extensive review of the subject:

( CHAPTER2 LUERATIlRE BEVŒW

(

(

"Indeed, there is a criticaI need for inexpensive monitoring procedures of

modest precision which require a minimum of calibration and interpretation

and which can be used by individuals without professionaI

quaI ifications....devices which can he wom over periods of weeks or

months so that true long-œrm monitoring cao be achieved." (Rappapon~

S.M.~ 1991)

ln fact.. passive sorbent badges cao he used for such sampiing, but as noted in the literature

review.. many factors tend ta accentuate the poor reliability of such devices in fluctuating

conditions (humidity and concentrations) over long sampling periods. Passive sorbent

badges cao hardIy qualify as a solution to the problem. Otherwise~ subpressurized

integrated passive grab samples can be collected using criticaI orifices .. but maximum

sampling duration will he much less than 24 hours.

The problem still remains. Cao long-tertn Mean VOC exposures he measured with

reliability and simplicity .. thus a1Iowing that their impact on human health and/or on our

environment cao be readily assessed?
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3-MATERIAL AND METROnS

The research described in this thesis resulted in the design of a novel flow conttoller based

on selected capillary geometries which allow the long-term sampling of gaseous

contaminant using summa canisters. A full description of this inventioo7 the Capillary

Sampling Flow Controller (CSFC)7 is to be found in the patent manuscript. The reader is

invited to consult this document presented in Appendix 1. The design and development of

this flow controller are reponed in chapter 4 and its validation is discussed in chapter 5.

The equipment and the procedures used to conduct experiments to fulfill the study

objectives are now described.

3.1-Sampling set-ups and procedures

Different configurations of passive samplers using evacuated vessels were tested with the

novel flow controller to determine the sampling flow rate achievable and to evaluate the

integrated sampling time anainable. Protocols were also developed for the treatrnent of

samplers before and after analysis and of collected samples prior to analysis.

3.1 I-Dynamjc testing of f10w contrQUers

Capillary Sampling Flow Controllers (CSFC) designed with different geometries (lengths

and internaI diameters) of deactivated fused silica columns (<}J&W Scientific) were

connected to evacuated sample containers. Different canister volumes were tested: 100 ml.

500 ml, 1 1.. 6 l. In addition ta summa canisters7 150 ml rectangular poeket size containers

machined from stainless steel 316 (SS) were aIso tested. Connections between capillaries

and containers were made with stainless steel gas tight reducers rSwagelok) using

graphite-vespel ferrules ( <} Chromatographie Specialities). A pressure reading device was

connected between the tlow controller and the evacuated vessel to monitor the change of
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internai pressure with time. Two different types of device were used: a Bourdon type

mechanical pressure gauge tMatheson., model 63-3704) and an electronic pressure

transducer tOmega., model PX-615) connected ta a read-out box. Both devices were

calibraœd to read in the range of 1 to 3 annospheres. Tests were performed to verity that

the connections were leak-proof: each system was capped at the entry" and the container"s

valve was opened ta verity that it could maintain vacuum during a sufficient period of time

(ex.: overnight). When the sampler was determined to be leak-proof., the system was

uncapped and testing was started by opening the container's valve. The variation in

internai pressure was monitored as a funetion of time. The pressure readings were used to

calculate the sampled volume. The following relationship based on the ideal gas law was

used:

( CHAPTER J

P
V(t}=V --!!!!!!.

S P(t)

MATERIAL AND METTiOQS

(eq.3.1)

(

(

where V(t) and P(t) are respecrively the gas volume and the internai pressure which change

over time inside the container, Pazm is the atmospheric pressure and Vs is the sampling

vessel volume. During the initial phase" where a linear relationship was observed between

the sarnpled volume V(t) and the sampling rime., experimental tlow rates were derived from

the slope (linear regression) and sampling rimes were determined based on the size of each

container. Capillary geometry (length and internai diameter) was fIrst predicted using a

mathematical model developed to characterize the relationship between the sile of the

vessel and sampling time (Chapter 4). Experiments were conducted to verify mode1

predictions for sampling periods of hours., days and weeks.

3.1 .2-Sample preparation

Two different sample preparation procedures were used during sampling studies.
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( CHAPTER3

3.1.2.1-Sample container cleaning

MATERIAL AND MFj7fQQS

(

(

The sample containers were cleaned and evacuated before each sampling experiment was

condueted. The cleaning procedure involved emptying each vessel and filling it with humid

clean gas (pure nitrogen~ air or helium) while heating the reservoir.

A cleaning system was designed and assembled. Figure 3. 1 shows a diagram of the

experimental set-up. It consisted of a manifold made of stainless steel .. equipped with (wo

shut-offvalves on each side and a pressure gauge (Matheson~ model 63-3704) connected

to the sarnple container. On one side~ a vacuum was supplied by a high capacity two-stage

rotary pump (Edwards.. model E2M-L5). A particulate and vapor filler was installed on­

line ta proteet the pump. On the other side, ultra high purity (UHP) nirrogen was delivered

at 3.7 atm (40 psi) through an organic adsorbent trap (activated charcoal bed) and a

humidifying chamber. The humidifying chamber was filled with clean deionized water

previously boiled and purged with dry UHP nirrogen. A sintered stainless steel diffuser (7

/Lm) immersed in the water was used to saturnte the gas flow. This experimentaI setting

was manually operated by opening one valve at a time and by monitoring the internaI

pressure of the container. The valve's position (on/off) was changed on either side when

vacuum was attained or when containers were pressurized to 2.4 atm (20 psi). Ali Hnes

were cleaned with a proper source of heat (electrical hea.ring gun., flame torch) to minimise

contamination from previous operations. These procedures were adapted from an existing

method (U.S.EPA~ 1984c).

It should be noted that set-ups and procedures described above were used for the

development of the new flow controller. As mentioned earlier., the results from these

studies are reponed in chapter 4. Other procedures and set-ups including analytical systems

were used to validate the sampling method using the CSFC. Validation studies are reponed

in chapter 5.
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( CHAPTERJ

3.1.2.2-Sample dilution

MA TER/AL AND MF:11fODS

A sample preparation procedure is required prior to gas chromatographie analysis. The

samples collecœd using the CSFC are pressurized. The containers must he subpressurized

to inject the sample in the analytical system. To achieve this, sarnples were diluted using

humidified clean UHP nitrogen. The initial internaI pressure was monitored" then the

vessels were fI1led ta approximately 1.3 atm (5 psi). A dilution factor was calculated using

the following relationship;

P
D =....1.

f P
.r

(eq.3.2)

(

(

where Dr is the dilution factor, l} is the final pressure after dilution and Ps is the final

internaI pressure in the container (following passive sampling with the CSFC). This factor

is normally between 2 and 4. For example, given a situation where the internaI pressure

for a collected sample is 0.5 atm and this container is then filled to 1.34 atm (Pj )., the

dilution factor (Dj ) is caleulated [0 be 2.68. This factor is critical to the quantitative

measurements of long-term integrated samples collected with the CSFC. It has [0 be

considered when Ge/MS analysis is used ta determine the airborne VOC concentrations

in outdoor or indoor environments.

3.2-Analytiçal systems apd procedures

To quantitatively analyse air samples collected with lang-œrm pasSIve samplers,

experimentaI systems were setup and/or modified ta satisfy sorne of the technical

requirements associated with low VOC level analysÎS. The analytical systems described

below were installed and operated as pan of validation and field demoDSrration studies

(Chapter 5).

40



(
CBAPTER3

3 2. l-InjectioD deviœs for OC/MS

MATERlAL AND METHODS

(

(

Injection devices have ta he installed on a gas chromatograph (GC) to allow direct gas

sample transfer. Sorne of these devices are aIso used to concentrate organic pollutal1ts to

ensure that a sufficient amount of analyte reaches the Ge detecror. The latter must attain

an appropriate limit of derection since the concentrations of VDC in ambient air are

measured in p.g/m3 (i.e. pans per billion {ppb} and even parts per trillion {ppt}). Sample

concentration is achieved either with cryogenie or multisorbent trapping. This step is

normally followed by thermal desorption which introduces analytes into the Ge and

completes the injection sequence. Finally ~ when a mass speetromerer (MS) is coupled to

the GC, water management procedures are aIso required te ensure an adequate sensitivity

and a good resolution at the deteetion leveL

Samples collected on a long-term integrated basis were injected into the GC/MS using a

purge and trap (P&n concentrator. This equipment is nonnally used ID eXtI'act VDCs from

liquid or solid samples that are placed in purge vessels. A purge gas is introduced ioto the

sample at a constant flow rate to flush out the volatile conraminants which are then

concentrated on a sorbent trap ta be larer thermally desorbed and injected into a

chromatograph. This system was modified to allow gas sample injections.

The modifications ineluded the replacement of a purge vial located on the autosampler

(1eckmar, LSC 16) with stainless steel lines and connectors, a septum adaptor and a

three-way valve. Also. the vent pon of the P&T (leckmar, ALS 2(00) was connected

with Teflon tubing ta a mass flow controller (MFC)~ followed by a diaphragm vacuum

pump (Thomas Insnument, model 2107CE20). The MFC trylan, FC-260) calibrated to

read between 1 and 100 ml/min based on nitrogen was conneeted to a read-out box

rry~ R032). Figure 3.2 shows a schematic flow sheet of these modifications. This part

of the set-up was previously reported (Stephenson, J.H.M. et aI.~ 1990).
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Two types of injections were made using this system. In cases where high VOC

concentrations were suspected (ex. industrial hygiene samples), a gas aliquot was

withdrawn using a lo-ml gas tight syringe (tIamiltan) through a septum adaptor installed

on the sample container. This volume was then injected thraugh another septum adaptor

installed on line with the purge gas (see figure 3.2). The three-way valve was kept at the

purge gas position to flush the samples into the multisorbent rrapping bed. A purge time

of 2 minutes and a 20 ml/min flow rate were used.

(

For the other type of injection., a vacuum pump was used to withdraw a large volume of

gas (15 ml to 1500 ml) from the sampling vessel. This type of injection was used for
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ambient air samples where low level deteetion limits are required. The sample container

was connected to the three-way valve using an appropriate line. The injection was

accomplished by switching the valve's position from purge gas to sample container. Gas

flow was conn-olled at 15 ml/min by adjusting the set point of the MFC on the read-out

box. Purge time was selected from 2 minutes to 100 minutes depending on the sample

volume ta he injecr.ed. Lines were flushed with purge gas for one minute before and after

injection to prevent carry over. Injection volumes were calculated using the flow rate and

the injection time (ex: 60 minutes at 15 ml/min gives 900 ml of gas sample injected).

(
CHAlTER3 MATERIAL AND MErHQDS

Method sequences were programmed directly on the control board of the P&T for

automation. This modified injection unit was used according to the conditions shown in

Table 3.1.

1 Parameters [ Set point 1 Units 1

Purge flow 15-20 ml/min

Purge time 2-100 minutes

Dry purge time 4 minutes

Desorb preheat 175 oC

Desorb temperawre 250 oC

Desorb time 4 minutes

Bake temperawre 350 oC

Bake time 10 minuteS

Transfer Hnes temperature 110 oC

Valve temperawre 150 oC

(

(

Table 3.1: Operating conditions for the P&T injection devices
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Dry nirrogen was used as the purge gas. A UHP grade nitrogen~ treated for organic

vapors~ ails and greases, and warer using appropriate cartridges, was provided at 2.4 atm

(20 psi). Graphitized carbon multisorbent traps lSupelco, vocarb 3000, vocarb 4000) were

used for sample concentrations. These cylindrical traps were 30 cm long by 0.32 cm

outside diameter (12 inches long by 1/8 inches 00). Two techniques were used for water

management. Dry purging was sequenced after injection ta flush residual oxygen~ carbon

dioxide and warer vapor that could have remained in the trap. This approach was reponed

to he effective (McClenny, W.A. et aL, 1995). AIso, a moiswre control module (MCM)

was operated to minimise warer entry into the GC during desorption. The MCM

(Teckmar) which uses a œmperawre effect to condense water vapor, was programmed to

operate from 75°C during injection to 5°C during desorption.

(
CHAPTER3 MATERIAL AND ME:THQDS

(

(

The P&T injector was interfaced ta the GC/MS. Other modifications were required to

enhance the resolution of VOC at sub ppb level. A focussing step is needed tO increase the

separation of very volatile chemicals such as sorne Freons and vinyl chloride (low boiling

points) ai the head of the GC column. This can be achieved either by using cold trapping

at the column or by providing a high desorption veIocity. The latter option was selected.

The connection between the GC and the P&T was adapted to control desorption velocity.

A direct split interface (OSl) was installed at the Ge injection pon. The GC carrier gas

line was bypassed at the injector level (after the flow controller) and connected (0 the

desorption gas port of the P&T. The heated transfer line following the multisorbent trap

was then connected ta the entry of the splitlsplitless injector. AIl connections were made

using zero dead volume stainless steel unions. Figure 3.3 shows a diagram of the OS!.

With this interface, adjusnnent of the split ratio (the ratio between the carrier gas flow rate

to the injector and to the Ge capillary column) made using the GC's mechanical flow

conttoIler, provides a means te regulate the desorption flow rate on the P&T concentrator.
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Increasing the split ratio involves a higher thermal desorption velocity and a better

focussing of Iight molecular weight chemicals. However ~ this decreases the sensitivity of

the analysis because the ponion of the sample carried to the deteetor is proponionally

reduced. A compromise value between stable flow rates and good separation of very

volatile chemicals was seleeted.

(
CHAPTER3 MATERM AND MErHQDS
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FIgUre 3.3: Schemaric flow sbeet of the direct split interface between the

purge and trap concentrator and the Ge/MS

{

The split vent flow was measured at the vent pon using a mass flow mette ('AIItech) and

was adjusted 10 10 ml/min. The back pressure regulator of the GC~ which controls the

helium flow rate (carrier gas) into the column., was maintained at 1.68 atm (10 psi).
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Gas sample injection pons were installed on a purge and trap concentrator and

modifications were made to interface this experimental set-up to a Ge. The injection

devices were operated to introduce long-term integrated gas samples in a GCIMS for VOC

quantification.

(
CRAPTEB3 MATERlAL AND MErHQDS

(

(

3 2 2-GCIMS operatjon for YOC dererrninatiQD

Mass spectrometers are deteetors where molecules are bombarded and fragrnented into ion

clusters. Uoder specified conditions., each Molecule bas its own fragmentation pattern

called the mass spectrurn and substances can be partIy identified based on this fingerprint.

In combination with a GC where chemicals are separated depending on their affinity for

a stationary phase~ an MS provides a very effective tooi to identify and quantify VOCs in

environmentaI samples.

A gas chromatograph CVarian 3400) coupled with a benchtop mass spectrometer rvarian

Saturn) was used for VOC analysis. The chromatograph was equipped with a DB-624

capillary column (J&W Scientific) having the following dimensions: 60 mettes long~ 0.25

mm internai diameter ~ 1.8 JLm film thickness. A deactivated fused silica capillary column

(1 mette) was used as a transfer line to the detector. Both columns were connected using

a universal glass union (Chromatographie Specialities). The splitlsplitless injector was

maintained at 125°C. The oven temperature program for VOC separation is given in Table

3.2.

The GC runs lasted 33 minutes. A signal was sent frOID the P&T to stan the GC

synchronously with desorption when both systems were ready. An autosampler (Varian

8100) was also installed on the Ge injection port for the automatic injection of solvent

samples.
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Table 3.2: Operating conditions for the GC oven

MATE1U1L AND METHODS

(

(

1 Start temp. 1 End temp. 1 Rate 1 Times 1

1 oC 1 oC 1 oC/minute 1 minutes 1

35 35 0.0 5.00

35 50 4.0 3.75

50 220 10.0 17.00

220 220 0.0 7.25

The ion trap manifold of the mass spectrometer was maintained at 125°C and the heated

transfer line was maintained at 220°C. The mass spectra were obtained from electrooic

ionization and the emission source was set between 30 and 100 p.A. The voltage for the

electron multiplier was selected between 1400 and 2200 volts to obtain the best sensitivity

from the deœctor. The amplitude read back voltage was kept at 4.0 volts. The target value

for the automatic gain control was 20 000 total ion couots. The default segment break

values were modified for the following rnass range: segment 1-) 1 ta 71 ~ segment 2-) 71

ta 79~ segment 3-) 79 ta 150: segment 4-) 150 ta 650. This scan fonction was implemented

ta maximize the ion trap detector potential for low molecular weight chemicaJs.

Full scan mass spectra were obtained along with chromatograms. The specifications used

for the data acquisition are shawn in Table 3.3.

The lower scanned masses limit was detlned at 46 mu rnainly to reduce the baseline signal

due to carbon dioxide~ air and water. However., for sorne tests~ this setting was reduced

to 26 mu ta allow the observation of a spectrum in the lower mass range. The higher rnass

value was selected considering the profile of VOC spectra where the larger ions do not

normally exceed 300 mu.
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CHAPTER 3 MATERlAL AND MEfHODS

Table 3.3: Operating conditions for the mass spectrometer

1 Parameters 1 Set point
,

Units 1

Acquired time 33 minutes

Filament delay 200 seconds

Acquired mass 46 to 300 mass unit (mu)

Scan rate 0.7 second/scan

The GC/MS was controlled from a computer station using the commercial software

(oVarian, Saturn ver. l.1). Figure 3.4 shows the overall analytical system used. The

injection method was stored in the P&T controller. The GC and MS methods were loaded

from the computer. A data file was saved for calculations for each injection made under

predefined conditions.

3.2.3-QuantjficatjOD of yoes

Calibration curves were prepared for the quantification of 54 hazardous voes. The

concentration of each airbome VOC was calculated from these calibration curves based on

the volume of sample injected. Retention times and mass spectra were used to confirm the

presence of chemicals in the samples l
. Table 3.4 shows each VOC with the mass of the

predominant ion used for their quantification. External cal ibration curves were obtained

by injecting known concentrations of standard solutions ioto the Ge/MS. The mass of the

predominant ion specifie to each chemical was plotted against its peak area.

1 For the retention rimes, a search wiodow of 40 seconds was assigned, and for the mass
spectra, a fit threshold value of 700 was defined for the comparison with specified
cracking pattern of target molecules.
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CHAP'ŒR 3 MATERlAL AND METffODS

Table 3.4: List of VOCs with their predominant mass ion

List of VOCs aoalyzed by GCIMS

Chemicals Mass Chemicals Mass

Dichloroditluoromethane 85 Chlorobenzene 112

Chloromethane 51 1~1~2~2-1Le~hloroe~e 131

Vinyl chloride 62 Ethylbenzene 91

1Lrichlorofluoromethane 101 m~p-Xylene 91

1~ I-Dichloroethene 61 Styrene 104

Carbon disulfide 76 o-Xylene 91

Dichloromethane 49 Bromoform 175

trans-1.2-Dichloroethene 61 Isopropylbenzene 105

1~ I-Dichloroethane 63 1~ 1..2 ..2-1Lerrachloroethane 83

2~2-Dichloropropane 77 1,2..3-Trichloropropane 75

Bromochloromethane 49 Bromobenzene 77

Chloroform 83 4-Chlorobenzene 91

1, 1~ 1-Trichloroethane 97 1~3~5-Trimethylbenzene 105

Carbon terrachloride 117 2-Chlorotoluene 126

Benzene 78 ter-Butylbenzene 119

Trichloroethene 130 n-Propylbenzene 120

1-2~Dichloropropane 63 1,2..4-Trimethylbenzene 105

Dibromomethane 93 4-Isopropyltoluene 119

Bromodichloromethane 83 1~3-Dichlorobenzene 146

trans-l ~3-Dichloropropene 75 1~ 4-Dichlorobenzene 146

Toluene 91 n-Buty!benzene 91
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List of VOCs anaIyzed by GCIMS

ChemicaJs Mass ChemicaJs Mass

cis-l,3-Dichloropropene 75 1,2-Dichlorobenzene 146

l, 1,2-Trichloroethane 97 1,2-Dibromo-3-chloropropane 75

1,3-Dichloropropane 76 1,2,4-Trichlorobenzene 180

Dibromochloromethane 129 Hexachlorobutadiene 225

1,2-Dibromoethane 107 Naphthalene 128

Tetraehloroethene 166 1,2,3-Trichlorobenzene 180

(
CHAfYTER 3 MATERIAL AND MEfHQDS

(

(

Two different typeS of solutions were used. First, standards added to water were injected

inta the system using the P&T. Six commercially available standard mixtures containing

severa! VOC at a concentration of 2000 Jig/ml with a cenified precision superior to 97 %

tSupelco, VOC calibration standard kit) were rnixed in a IO-ml volumetrie flask and

sucessive dilutions were made with HPLC grade Methanol. From this stock solution. five

standards having concentrations between 1 ng/ml and 100 ng/ml were prepared in separate

flasks and one Jil of each was added with a calibrated syringe to separate purge vials

containing 5 ml of deionized water. These purge vessels were installed on the P&T

autosampler and VOCs were purged into the rnultisorbent trap for Il minutes at 40

ml/min. They were then desorbed and injected into the GC/MS using the conditions

descnbed above. Appendix 2 contains the calibration curves obtained for each VOC using

this approach.

These calibrations were verified with a gas standard solution. A cylinder containing a

subset of 40 VOCs at 100 ppb in pressurized dry nitrogen was used (Supelco. TO-14

calibration mix). A pressure regulator was iostalled on the container to deliver this gas

mixture at approximately 2.4 atm (20 psi). Connections were made to inject this blend

through the three-way valve (modified injection port on the autosampler) and the
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procedures used were similar ta thase employed for the analysis of long-tertn gas samples.

Different volumes were injected at 15 ml/min by varying the purge time. The total mass

of each analyte from an injection was calculated (using conversion factors from ppb to

mass per volume unitsl) and compared ta the calibrations obtained using the water method.

( CllAPTEB 3 MATERIAL AND METHQQS

(

(

The noise baseline of the analytical system was considered during calculations. Blank run

anaIysis were made ta estimare the signals generated by potential chemical contaminations

from the purge gas" solvents used for dilution and from the purge water. For mast of the

listed chemicals, no contamination was observed. However.. trace signaIs were measured

for dichloromethane, benzene and toluene. A significant amount of chloroform was found

in the purge water. Finally.. the response for carbon disulfide was too erratic to conduct

a precise quantification. This solvent was often used in the same laboratory for other types

of analysis and is probably the cause of this problem. Baseline contamination was

substIacted from the calibration curve for each of these chemicals.

The target VOC masses (Mi) in the injected volume (Vinj) taken from the gas samples were

obtained from peak integrations and calculations using the calibration curves. To estimate

the fmal concentration in field samples, the dilution factor (Df ) was applied and the VOC

contamination in the dilution gas was substraeted. To account for this, a correction factor

was estimated using the following procedure. A canister was filled with the dilution gas

and a precise volume (VJ was injected in the system. The dilution gas impurities were

characrerized and the mass of VOC contaminant (Mdi) was determined. For each VOC,

a correction factor (CF;) was calculated according to equation 3.3:

:! To conven from ppb(v) to ""g/m3
, the molecular weight of substances is divided by the

malar volume of air at selected temperature.
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(eq.3.3)

The following relationship was used to determine the concenttation of selected VDCs (c,)

in gas samples collected using the CSfC:

M.-CF.
c.=(' ')Dt

1 V.
'''1

(eq.3.4)

(

(

Even if stringent procedures are used ta provide the cleanest source of gas for the

pressurization of gas samples (see section 3.1.2)~ it appears that the correction factor must

he used~ principally when low VOC levels are measured as in the outdoor environrnent.

The highest GC/MS analyrical sensitivity was obtained for VOCs not present in the

dilution gas. However~ chemicals such as dichlorodifluoromethane~ dichloromethane~

benzene~ toluene .. xylenes and tetraehroethylene were sometimes found as impurities.

Fortunately ~ the measured VOC levels in dilution gas injections were much lower than

those measured in field samples.

The ratio between the measured arnount of analytes in the gas samples (Mi) and weighted

mass contribution from the dilution gas impurities (CfJ was normally below 0.2. If the

relative amount of a specifie VOC in an injected sample volume (Vinj) did not represent

more than 80% of what was found as impurities from pressurization procedures~ the results

were discarded and the concentration of these chemicals was not reported because of

uncerrainties.

Considering the impact of supplied maœrials (gas and liquids) for the maintenance of the

GC/MS and the handling of subpressurized long-rerm passive samples 7 the limit of

deteetion and the analytical precision were increased for sorne VOCs. However ~ for most
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chemicals where no signal was observed in blank anaJysis (purge gas.. purge water ..

standard dilution solvent and samples dilution gas) .. the instrument detection limit was

approximated to 0.2 Dg. Based on the fact that 1 litre of gas was injected into the system ..

the method deteetion limit was estirnated at 0.2 /Lg of VOC per cubie metre of ambient air

(p,g/m3). This maximum sensitivity was determined from the MS baseline response

obtaioed using the predetïned operating conditions';. Otherwise.. for chemicals that were

detected as impurities in the analysis .. this limit was increased to a conservative value of

1 p.g/m3
•

(
cHtiPTER 3 HA TER'"!. AND MEfHODS

(

(

3.2,4-0C/FID for metbane deteetjoo and quantificatjon

Methane was also analysed in long-term samples collected in the vicinity of a sanitary

landfill to assess its use as a marker for biogas emissions. A one-ml sample was withdrawn

from either sample bags or summa canisœrs using a gas-tight syringe and injected directly

through the septum of the split/splitless injector. IsothermaI chromatographie conditions

(aven: 40°C.. deteetor: 200°C, injector: 120°C).. a Vocol column (30 metres by 0.53 mm

ID, 0.3 p,m film thickness) and a split ratio of 1:25 were used. The signaIs from the flame

ionization detector (FID) were obtained and integrated ioto an area count. Detector tlow

rates were controlled at the followiog setpoints: make-up gas - 30 ml/mio; hydrogen - 30

ml/min; air - 300 ml/min.

The area count from field samples were compared to the responses from similar injections

of a 100 ppm C~ in dry nitrogeo (ClSupelco.. Scott gas cylinder). A one point calibration

was used to quantify the level of Methane. The dilution factor (see eq.3.2) was then

3 The peak heights obtained from the injection of a 1 ng standard were cornpared with the
minimum response of the deteetor observed for blank runs .. and the threshold value was
assigned at three times the signal ta noise ratio.
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three rimes the baseline signal to noise level, the limit of deteetion was estimated at 1 ppm.

This method7 s limit was sufficiently low ta characterize observable methane variations near

a landfill site.

(
CHAPTEB3 MATERlAL AND METRODS

(

(

3 2 5-QuaI itY control and maintenance

The analytical systems described above were used for qualitative and quantitative studies

as part of the novel sarnpler's validation. Efforts were made ta ensure that observations

were representative and could be reproduced. Procedures were implemented ta control and

optimize the validity of the quantification process. Strategies were mainly applied to verify

the signais obtained frOID the analytical system deteetors. Several of these procedures were

associated with the mass spectrometer.

First, commercially prepared stock standards certified traeeable to a NIST Standard

Reference Marerial were systematically used to prepare calibration curves. Calibrations

were Periodically made to verity the deteetor stability. Baseline signais obtained from the

dilution, dry purge and carrier gases were determined and considered in calculations.

Replicate sample injections were performed on a routine basis. Recovery studies were

conducted (see section 5.2.2). External standards were injected along with samples under

similar operating conditions in every quantitative investigation. Idea11y, the quality control

procedures would also have included surrogates, internaI standards and extemal laboratory

controis. More sophisticated analytical quality contrais are usually required to provide

compliance results. However, at this stage, it was felt unnecessary ta implement these

procedures. The main objective of this research was ta develop a long-term sampler, not

ta characterize Voes.

Procedures were aIso implemented ta maintain mass specttometer conditions. A mass

calibration was perfonned on a daily basis, or before every new set of injections. A built-
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in program was used under regulated conditions to introduce a calibration compound (FC­

43) ioto the ion trap. These results were used to establish the relationship between the

electronic detector responses and related mass fragments. Also~ the air and water levels

were verified at the detector to ensure that they were within acceptable limits. The

preseoce of leaks in the system (Hnes from the gas cylinders to the injection port~ the Ge

and te the ion trap) is critical for an MS deteetor. Also~ parts of the analytical system were

replaced on a regular basis (1-6 months) to maintain an acceptable sensitivity: septum,

liner~ sorption trap and transfer lïne. Finally, routine maintenance was performed on the

MS's filament~ multiplier and vacuum pumps to keep the detector under ultimate

conditions.

( CHAPTER 3 MATERL1I, AND MET8QDS

{

(

The sampling and analytical systems and conditions described in this chapter were used to

demonstrate that capillaries can he designed to achieve long integrated passive sampling

periods. The theoretical and practical results from this research are now presented and

discussed.
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4-DESIGN AND DEVELOPMENT OF ALONG-TERM SAMPLER:

RESULTS AND DISCUSSION

This research project is based on an idea which originated from the following questions

concerning the use of an evacuated sample container for the sampling of ambient air. Cao

sampling rime he extended by using an appropriate geometry of capillary tubing connected

co an evacuated container? Will this new type of flow controller a1low long-term integrated

passive sampling of gaseous airbome contaminants such as VDCs? In essence~ this novel

flow controller involves a capillary tubing whose determinate length and diameter allow

a specifie flow rate and will he herein called a Capillary Sampling Flow Controller

(CSFC).

The CSFC was developed as an inlet restriction for the entry of gas ioto an evacuated

sample container. The pressure gradient between the container and ambient air provides

the driving force for the gas flow. An appropriate selection of capillary geometries affords

commensurate constant low flow rates which extend integrated sampling periods.

Theoretical and experimental investigations were performed to elucidate this nover

sampling process and to answer questions raised by it. ln this chapter. the approaches used

for the design of a tlow controller for long-term passive sampling will first he presented.

ExperimentaI and theoretical results obtained for the relationships between capillary

geometries and integrated sampling times are then compared.

The initial research results were filed to proteet intellectual property during the early stages

of this project (Simon. P. and J.P. Farant, 1995). These procedures were conducted by

the University according to their policy on inventions. Recently, the Capillary Sampling

Aow Controller (CSFC) was the object of patent applications (Simon. P. and J.P. Farant.

1996a) which received a Notice of Allowability (Murphy, K.P., 1996).
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The design of a long-term passive sampler, based on the use of selected capillary

geometries as inlet restrictions for evacuated containers, required two separate

considerations. First.. materials appropriate for the assembly of flow controllers and long­

terro passive samplers was investigated. Configurations were designed for both stationary

and persona! sampling. Secondly.. a mathematical model was developed to predict the

capillary column lengths of a given internai diameter required ta achieve a selected

sampling period with a specific volume of sample container.

4 1 l-ConfiguTatioD

A capillary sampling flow controller (CSFC) is essentially a selected length of capillary

tubing connected to an evaeuated conœiner which cao provide long-term integrated passive

sampling. Two criteria are fundamental ta the selection of materials used for the assembly.

Firs!. the connections must be gas tight. Also.. all rnaterial surfaces should be as inen as

possible to prevent any interaction with chemicals in the sample collected. Figure 4.1

illustrates a simple configuration of the flow contralIer.

Flow controllers are made using variable lengths of deactivated fused silica capillary

colurnDS. Such capillary tubings are often used in Ge where they have been shown to be

reliable ta transfer analyœs from the injector to the deteetor. They can endure temperatures

up to 300°C without significant degradation. They are flexible but still very fragile.

Different internaI diameter sizes are commercially available. The smallest diameter was

selected to provide the severe restrictions required to extend sampling times. Columns

having internaI diameters of 0.05 mm and 0.10 mm, with an external diameter of 0.4 mm

were used in the configurations.
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Figure 4.1: Schematic view of a capillary sampling flow controller

(CSFC) used for long-term integrated passive sampling

The selected connectOrs are made of stainless steel (SS). Compared to brass, this material

is more inen and it does not Olltgas like Nylon or Teflon at elevated temperawres.

Graphite-vespel ferrules were used for the connections between the capillary and the

COlUlectors. The RUTS were tightly screwed on the compression fittings to seaI the capillary

with the ferrule. This assembly was anached on one side ID an evacuated sample container.

An inlet filter was connected to the other side to prevent paniculate from plugging the

device.

For field applications, the capillary column used as a restrictor has to be protected from

shocks and vibrations to prevent it from breaking during transportation and handling.

Protecting shields were designed and IWO different assemblies were made. The general

approach was to build a casing on which the connectors could be mounted and in which

the capillary couId he enclosed.

For one design, a small round box, 5 cm in diameter and 1.2 cm thick having a removable
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lid on one side7 was machined from S5. Two reduction fittings were welded to the casing

at a 900 angle with the capillary connections inside. The column was then installed. This

casing was filled with a packing material (wool., other fibers or polymer foam) that absorbs

vtbrations and then capped. Note that square boxes were also made7 the geometry of the

housing being of secondary importance. This type of design was successfully tested in a

vibration chamber. It was aIso shawn to resist vibrations when a shuttle was launched into

space (Cole., H. ., 1996).

(
CHAnER4 RESULTS' LQNG-TERM 3AMPLER

(

(

The other design used to proteet the capillary incorporates the latter in a plastic material

such as epoxy,. polyacrylic or other polymerie resins. This type of casing was cast with the

capillary tubing and fittings instaIled in an appropriate mold using resin transfer molding.

The mold was made of (wo identical aIuminum parts. Figure 4.2 gives the sehematic views

of this mold. First., a selected length of column was rol1ed up to fit in the molding area

(which has a diameter of 5 cm and a thickness of of 1.2 cm) and connected [0 the

compression fittings. The (wo flow controller fittings were placed at a 90 0 angle in their

respective spaces locaœd on the mold"s body. The two parts were finally assembled using

three screws to enclose the capillary column.

The polymerie materiaI was prepared according [0 the supplier's directions by mixing the

ingredients (usually a polymerie resin and a hardener). The liquid solution obtained was

rapidly injected with a 200-ml syringe from the bottom of the mold until sorne materiaI

came out of the vent port located on the opposite side. The polymer was allowed ta dry

( from 1 hour [0 24 hours depending on the type of polymer) and then., the mold was

dismantIed.

60



(

(

CHAPTER4

Conneetor space '"
'~

Molding are

Top view

Il

Sideview

1
.~

~--t

RESULTS· LQNG-TERM SAMPLEB

injection pon

~'-
-- EIlcloseé. :olmm:

(

Figure 4.2: Illustration of the assembly used for casting the flow

controller's plastic proteCtion shield

The final produet has the appearance of a hockey puck with two connectors on its

circumference. Different materials cao he used to mold unitS of the CSFC. Tests were

made with epoxy and polyacrylic resins~ and both results were satisfactory. The selection

of the best resin to achieve this application was not investigated. To prevent contamination

of the gas samples collected using these devices~ the selected material should not outgas.

This aspect was considered beyond the scope of this project. It should be part of an applied

research program te specifically develop a commercial product. However ~ the teSts that

were performed showed that this type of protection shield cao be used to configure units

of CSFC without running the risk of conwninating collected samples.
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The (wo types of protection housing can be compared based on practical considerations.

The stainless steel casing has the advantage of allowing the replacement of capilIary

columns. Capillaries can he changed according to the selecteci sampling period desired and

the size of the sample container used~ and the flow conttoller can be used in a variety of

situations. However~ the production costs are higher than those required for polymerie

proteeting shields. It should be noted that for the laner type of casing~ once molded they

can only be used according to design specifications. Also.. if the capillary becomes

comaminated by a ehemical or plugged by paniculate maner.. these units can no longer be

used. The major advantage of polymerie C3Sings is cenainly related to the fabrication cost.

Nevenheless .. both types of protection shields can be used.

( CHAPTEB4 RESUl,TS: LONG-TERM SAMPLEB

(

(

The flow controllers were configured as a componen! of long-term integrated passive

samplers for the collection of gaseous contaminants such as VOCs. The sampler

configurations depend upon whether they are ta be used for ambient air srationary

sampling as part of environmental studies., or for persona! sampling in industrial hygiene

surveys. Each application has specific requirements and the design of samplers which use

a CSfC differs accordingly.

4.1. 1. l-Sampling train for stationary samples

Summa canisters have a proven reliability for the collection of whole air ambient samples

for VOC analysis in environmental monitoring studies. A sampling train which includes

the CSFC was designed for the collection of long-term integrated samples ioto these

containers. A sampling train diagram is shown in figure 4.3. The finest available porosity

(O.5ILm) of a sintered stainless steel (SS) filter was connected at the gas inlet. This filter

was selected mainly because it is made of an inen material: active sites on stainless steel

are not numerous when compared with other possible filtering material such as cellulosic

and polymerie fibers.
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with .a evae.ated Samma caJlÎSter

-capillary

1B-protecting shield

/~.=_~. ~ 0 fitt·
;:'// '<\ ~~ - Ings

1/' \ '!\j-l3 1

'. . ,j-"'ri!"'-c-o-n-n-e-c-tio-n

/~~ liJl sa:Pling •
E-pressure gaug - i vessel

entry of

l19as sam pl~

1n~A-filterf~l
~L LF-'-

(

: A ltiller 114- SS sagelat Q 5 ~m porosity ss frit
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FIgUre 4.3: Sampling train for long-term integrated passive stationary

sampling using summa canisters

(

The 0.5 JLrn filter's porosity was chosen to prevent panicles from penetrating and

evenwaIly altering the sampling flow rate. A pressure reading device was installed between
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the t10w conrroller and the container to allow monitoring of the internaI sampler pressure.

A mechanical pressure gauge (Bourdon type) calibrated by suppliers to read between

approxirnately 0 and 3 annospheres was selected. The stainless steel NPT connector of this

pressure gauge was joined ta an appropriate three-way connector using Teflon tape.

The sampling rrain was assembled to provide a leak proof system. This unit was then

connected to an evacuated sample container of specifie volume ta offer long-term passive

integrared sample ability. The container's size was selected according ta the type of

aonospheric environment which was monitored. For outcloor ambient air, six-liter summa

canisters are often used. The injection volume of a gas sample required to achieve the

selected sensitivity during chromatographie analysis is sometimes fairly large (> 500 ml).

For this reason.. large sample containers are selected for these situations. However, for

mast indoor environments~ injection volume can be redueed because the concentrations of

target conraminants are higher. For industtial hygiene and indoor air quality assessments.

the size of sample containers can range from 100 ml to 1 liter for convenience: larger sizes

are too bulky ta handIe.

Simple procedures are required to operate passive stationary samplers. The valve of the

evacuated sample container is opened to stan the collection of the gas sample. The initial

vacuum is measured. Once the selected sampling period is completed, the valve is closed

and the internaI pressure of the vessel is reeorded again: a residual vacuum should he

found when leaks did nat accur. The sampling train is then removed from the container

ta be diluted and analyzed.

4.1. L2-Personal samplers

A long-term passive sampler based on the flow eontrolling capability of the CSFC was
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designed ta perfann personal monitoring. In industrial environments., portable samplers

wom by workers are used to collect breathing zone samples over entire workshifts. These

exposure measuremenrs are used to verify compliance or ta assess worker exposures. The

design respected these requirements.

The container was reduced ta poeket size., equipped with a clip and wom al the worker's

belt. A sampling line was connecred between the CSFC and the tiller on which a clip was

also installed to attaeh the sample inlet to the worker's collar. The same type of filter and

compression fittings were used as with stationary samplers. Figure 4.4 shows a diagram

of a passive personal sampler prototype that was assembled and tested for the collection

of whole air samples.

A pressure gauge was not included in this assembly to optimize the ponability of the

device and its acceptance by workers. A rectangular sampling vessel was machined from

stainless steel (55) according to the following dimensions: 10 cm by 8 cm by 2 cm. To

install a 90° angled needle valve., a small piece of 0.63 cm outside diameter (00) SS

wbing (1~ inches 00) was welded symmetrically approximately one centimeter (cm) from

the top corner of the metal box. The flow contralIer enclosed in a protection shield was

connected between the valve and the sampling line. This line was selected ta provide

flexibility, resistance and more imponantly, a law dead volume and an inen surface. Ir

should be noted that the flow restriction of this line was negligible when compared to the

one used in the CSfC. A Teflon wbing with an outside diameter of 1.58 mm and a

internaI diameter of 0.3 mm was preferred.
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Figure 4.4: Diagram of a long-tertn passive persona! sampler prototype

incorporating the CSFC

This simple and low cost passive sampler configuration was shown to he effective and

reliable during field studies. However, it can he optimized and even automated. The

internai surfaces of the sample container can be treated with a process such as summa

passivation or fused silica lining (Silcosteel, ~estek) to minimize active sites. This
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improvement may he important if the sampling device is to be used to measure very low

concentrations found in environmental exposure assessment's studies. Nonetheless, a

surface treannent may not he required if the sampler is only used for industrial hygiene

surveys where exposure limits are significandy higher than environmental background

levels. In such instances, an aluminum or Teflon container could he used with the added

advanmge of reducing the sampler's weight.

The size of the container should be as smalI as possible. The minimum volume required

for the analysis must be considered. In this design, the relative error arising from the

summation of the sampling train's dead volumes is increased as the size of the sample

container is reduced. Ta overcome this limitation, Snider (1977) proposed sorne

modifications. First.. he suggested the installation of a second valve on the container for

gas evacuation and injection procedures. Also, he proposed that a septum pon be welded

on the container to faciliraœ syringe sample collection for GC injection. Finally, the flow

conttolling assembly, in his design, was enclosed in the container. This larer improvement

certainly will decrease the errors from dead volumes but the system is no longer versatile:

the integrated sampling time cannot he modified with this sampler. Otherwise, the other

additions could he considered (other valve and septum pan), but they significantly increase

the sampling device' s fabrication cost.

Persona! passive samplers could he automated if they were equipped with battery operated

solenoid valves and timers. The device could then he programmed to stop after the selected

sampling period. A pressure transducer ta monitor internaI pressures could aIso improve

the design by allowing the verification of the container StaDJS. If these electronic parts were

added.. efforts in miniaturization would have ta be considered to ensure the portability of

the sampler. However, such considerations are beyond the objectives of this research

project and automation was not considered for the assembly of prototypes.
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(

C'

The operation of the persona! sampler involved the same procedures used for the stationary

sampler. Because of its simplicity, the device can be operated by the worker at the

beginning and at the end of hislher wode shift. If the tlow controller is properly designed..

the personal sampler can he used on consecutive work shifts [0 collect a sample which will

represent the average exposure over a full work week (5 days) or any other periode

The most important aspect of the design is the selection of appropriate capillary geometries

to allow new strategies te be achieved with exœnded sampling periods. Whether a

stationary sampler or a persona! sampler is used, their basic operating principle relies on

the selection of a length of capillary tubing of a given internai diameter. To design the

flow conrrollers, a mathematical model was derived based on known equations and on

simplifying assumptions.

The assembly of flow controllers and Iong-œrm passive samplers bas been described. The

next section is dedicated to a more theoretical aspect of the design: the relationship

between geometrical parameters and integrated sampling rimes.

4 1 2-Model development

The gas flow in a tube subjected ta a pressure differential at steady state can he calculated

using known equations. However, these relationships cannat he applied to a passive

sampling process based on the use of a CSFC, where the container's internaI pressure is

always increasing with time. For this scenario, the challenge was to incorporate, in a

mathematical modeL, a rime dimension that would relate the geometry of the system te the

rime period during which a constant tlow rate is achieved.
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The mathematical model was developed on the basis of two fundamentaI equations that

were modified and adapted to incorporate a long-tenn sampling process. The first

relationship is based on fluid mechanics: the Hagen-Poiseuille equation. The other

relationship is based on gas kinetics: the ideal gas law.

(
CHdPCER4 RESULrs" LONG-TERM SdMPLER

(

To understand the significance of the Hagen-Poiseuille equation, the steps and assumptions

that lead ta this fluid dynamic relationship are explained in what follows. The relationship

applies ID a laminar tlow of Newtonian fluids in circular tubes. 115 development, based on

physical variables, begins with a momentum balance which uses a volume element: a

cylindrica.l shell (see figure 4.5). The momentum balance which occurs when components

due to friction, compressibility, pressure and graviry are at equilibrium. is stated as:

The variables used in this expression are defined in the Iist of notations. When the fluid

is assumed to he incompressible (i.e. v z 1 z =0 = v z 1 z = L >, only the friction and the

pressure component forces are considered and the terms for the variation of longitudinal

velocity (v:) cancel. Theo, at the limit as Ar goes to zero. one gets:

This expression can he written as:

r \d ,p -P ,
-(rr )=1. 0 L (r
dr r:: L

(eq.4.2)

(eq.4.3)

(

Ta integrate equation 4.3. the appropriate boundary conditions (at r = 0, the shear stress

{t"r.:} is not infinite) are selected ta obtain the foUowing:
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(eq.4.4)

....,
Z1

1 1)ArPL 1 Po,, r /){{.,.,

Figure 4.5: Cylindrical coordina.tes.. volume element and velocity profile

for a laminar flow of Newtonian fluid in pipes (PL < Po)

( Theo.. using Newton's law of viscosity for this case:

dv
'C =-Il~

r: tir
(eq.4.S)

Equation 4.4 and Newton's equation were combined to obtain a differential equation for

velociry (vJ which is related to the fluid's viscosity (J.t.), the pressure gradient across the

pipe (P(JPJ and the geometry of the pipe (L: length, r: radius). This gives the following

expression:

dv= __{Po-PLf'
-- r
dr 2JlL

(eq.4.6)

The inœgration of equation 4.6.. using a boundary condition where the velocity is null at

the fluid-solid interface (Le. Vz = 0 at r = R) results in a velocity distribution relationship:

(
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(eq.4.7)

This expression indicaœs that the velocity distribution for the laminar tlow of

incompressible fluids is parabolic~ as shown in figure 4.5. From this expression. the

equation for the average velocity is defined as:

ffvJ drd6
- (P -p )R2

<v>= 0 0 0 L

= 21tR 8~

JJrdrdtl
o 0

(eq.4.8)

( The volumetrie flow rate. which is the product of the eross-sectional area of the eylinder

(1tR2) and the average velocity defined in eq.4.8 is then obtained. This leads to the rather

farnous expression which was called the Hagen-Poiseuille law in honor of the (wo scientists

who derived it around 1840:

(eq.4.9)

(

When a laminar flow of a Newtonian fluid is esœblished~ the volumetrie flow rate between

the inlets of a pipe is relaœd 10 the pressure gradient~ the viscosity of the fluid and the pipe

dimensions (radius and length).

Assumptions associated with this equation include the facts that the tube should be long

enough~ 50 that end effects can he neglected. This relationship oruy applies to laminar flow

(Reynold number less than 2100) of Newtonian fluids in isothermal conditions. The fluid
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should behave like a continuum and this assumption is theoretically not valid for very

dilute gases or very narrow capillary tubes where the molecular mean free path can be

higher than the tube diameter, and where a slip flow or free molecular flow regimes May

be established. Finally, since the Hagen-Poiseuille equation is valid under steady-state

conditions, the flow should be time independent.

(
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(

The mathematical equations obtained from a momentum balance (from eq.4.1 to eq.4.9)

were developed by Hagen and Poiseuille and described elsewhere (Bird et al., 1960). Ta

characterize the behavior of a passive ambient air sampler using a CSfC. other

assumptions were made. First., the volumetrie tlow rate and the internaI sample container

pressure should both he a function of time: the sampling time. Second., in this process., Po

is equal to armospheric pressure (PamJ and the internaI pressure of the vesse1 is time

dependent and defined as P(t). FinaIly, even if sorne variables are time dependent, the

process can be characterized as being pseudo steady-state. Based on this hypothesis. the

Hagen-Poiseuille relationship was modified as follows:

1t(Pamr -P(t»R ~
O(t)------
- 8f,ll.

(eq.4.10)

(

This expression aIso assumes that air viscosity between vacuum and ambient pressure

remains constant. Hagen and Poiseuille had to assume that tluid density is constant. which

is certainly not the case when one considers gas compressibility. Equation 4.10 is one of

the initial expressions used to develop a mathematical model for the CSFC design.

However, this equation cannot be solved. A second relationship was postulated ta obtain

the set of equations required to characterize the relationship between sampling rime and

the geometry of the system (length and internaI diameter of the capillary column. and size

of the evacuated sample container).
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To characterize the behavior of a CSFC, a fundamentaI relationship based on the kinetic

theory of gases, the ideal gas law, was also used:

(
ClfArcER4

PV=nRT

RESULrs- LQNG-TERM SAMPLER

(eq.4.11)

Many gas matrices including air, normaIly behave like perfect gases under specified

conditions, and this relationship between pressure, volume.. molar concentration and

temperarure is weIl established. This equation was modified by considering (wo variables

which are a function of sampling time: the internai sample container pressure {P(t)} and

the molar content {n(t) }-the amount of gas inside the sample container. As the sample

container is being filled over time, the internai pressure {P(t)} and the number of mole

{n(t)} rise proportionally with sampling time. Based on this fact, a new expression was

derived as:

(
P(l)_"(l)lRT

V
s

(eq.4.12)

where Vs is defined as the sample container volume. The objective was to obtain an

expression whieh would associate on a time basis the molar content inside the vessel {n(t)}

and the flow rate dei ivered by the inlet restriction {Q(f)}. The first step was to relate the

f10w rate to the sampled volume {V(t)}:

V(l) =!Q(l)dt
o

(eq.4.13)

(

Within the operating range of the passive sampler.. the flow rate is kept constant beeause

of critical flow conditions. As observed with critical orifices used on evacuated vessels..

the volumetrie flow rate remains reasonably constant during the time required to fill

approximaœly half of the sampler. Therefore, in part of the process .. the sampled volume

can be expressed as:
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V(t)=Q(t)t
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(eq.4.14)

This sampled volume {V(t)} is related ID the molar content. By using the molar volume at

standard temperature and pressure ( V), another physical propeny of gas.. the following

equation was obtained:

n(t)= V(t) =Q(t)t

V V
(eq.4.15)

When eq.4.15 is substituted in equation 4.12, a relationship is abtained for the variation

of pressure in the sample container as a funetion of the volumetrie flow rate eontrolled by

the capillary:

(

(eq.4.16)

The latter relationship is used ta derive the mathematical model developed to predict the

geometry of a capillary column required by the design of the flow eontroller. The ideal gas

law was adapted ta retlect the rime variations of physical parameters involved in the

transfer of a gas inta an evacuated sample container.

The model was derived by combining equation 4.10 and equation 4.16 in whieh one of the

two unknowns was eliminated {P(t)} ID obtain a single expression for the volumetrie flow

rate {Q(t)}. This relationship incorporatp..s two constants (Kh K2) used to simplify the

equation as follows:

(eq.4.17)

(
where the constants KI (in m3/s) and Kz (in S·l) are defined as:
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(eq.4.18)

(eq.4.19)

Again, using the same two equations (eq.4.10 and eq.4.16)., the pressure variable {prt)}

was obtained by eliminating the flow rate variable {Q(t)}. Two other constants were are

aIse used (K.111 K4) to simplify this expression:

( where the constants K.1 (in kg . m3/s~ and K4 (in kg . m3/s) are defined as:

1tlRTR 4

~ -
V

(eq.4.20)

(eq.4.21)

(eq.4.22)

(

These expressions for the variation of volumetrie flow rate {Q(t)} and internaI pressure

{P(t)} with sampling time were not obtained ta characœrize the behavior of these

variables. For example., the assumption made ta modify the ideal gas law was mat
volumetrie flow rate would be constant over a definite period of the process. This

assumption was required and, as shown later, it is a good approximation. However,

equation 4.17 represents a saturation process and aceording ta this expression, the flow

rate continuously decreases with time. This is an apparent contradiction. Nevenheless,

these intermediate expressions are required te establish a relationship between the
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geometry of the passive sampling system and the integrated sampling periode
(

CHAPCER4 RESULrs· LQNG-TERM s..tMPLEB

To resolve this problem, the tlow rate expression (eq.4.17, eq.4.18 and eq.4.19) was

integrated to determine the variation of sampled volume with sampling time:

r r K
V(t)=!Q(t)dt=! 1 dt

1+K2t
o 0

(eq.4.23)

By solving this expression, a solution for the sampled volume as a fonction of time {V(t)}

was obtained and again, two arbitrary constants (KsI KJ were defined. This relationship

is stated as:

(

KR 4

V(t)=Ksln(1 +_6-t)
L

K _ PatmV)l
~ RT

K - 1tlllT
6 8 VVIl J

(eq.4.24)

(eq.4.25)

(eq.4.26)

{

Finally, V(t) was defined as the final sampled volume (~) which equals 0.5 times the

sampler's volume (~). This was done to answer the following question: If a capillary of

known geometry acts as restriction to the entry of air into an evacuated container.. how

much rime will be required ta fill haIf of it? An expression relating the capillary length (L)

as a function of total sampling time (t) was obtained. The internai radius of the capillary

column (R) and the volume of the sampler were aIso considered. This final relationship
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includes two constants previously described and is stated as:

(eq.4.27)

(

(

This theoretical result provides a basis for mathematical simulations used to approximate

the capillary geometries required to achieve a selected sampling period with a given

evacuated sample container. This mathematica1 model was not developed to characterize

gas flow behavior inside a capillary but to perforrn calculations applied to the design of

flow eontrollers whieh can be used to collect long-term integrated samples for VOC

analysis. Many assumptions were made to arrive at this solution. The theoretical model

derived will be eritically assessed by eomparing calculations obtained from computer

simulations with experimentaI results.

4.2-Evaluating sampling time factors

The principle of long-term integrated sampling using an evacuated containter equipped

with a capillary flow restriction is based on the physical relationship between the geomerry

of the capillary and the total sampling period during whieh a critical flow is established.

This is also a funetion of the volume of the evacuated sample container used in the

configuration. To study this relationship., two approaches were used. Simulations were

performed with the mathematical model to show the influence of each dimensional

parameter on the integrated sampling time. Experiments were also eonducted to estimate

the volumetrie flow rate obtained from selected capillary geometries.
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(

Calculations were initially made using the Hagen-Poiseuille equation (eq.4.9) as a flfst

approximation. This was initially done to verify if the available capillary colurnn with

relatively smaIl internaI diameters could be used to significantly rednce flow rates to

increase sampling rimes. These simulations were performed before the mathematical model

relationships were developed based on more advanced theoretical considerations (see

section 4.1.2-). These calculations were based on the hypothesis that the pressure gradient

between a complete vacuum and ambient pressure would remain constant during the whole

process. It was also assumed that a laminar flow would be established.. and that effects of

fluid compressibiliry would be negligible.

The results of these calculations are presented in table 4.1. From the flow rate calculated

using different capillary lengths (L) with small internaI diameters (ID), the total sampling

period was estimated in days for the situation where 500 ml of air was sampled using a 1­

litre sample container.

Table 4.1: Estimation of sampling limes (days) based on capillary

geomerries using the Hagen-Poiseuille equation: situations

where a 500 ml air sample is collected with al-litre sample

container using a CSFC

(

Column ID (L) Capillary column lengtb (m)

(mm) 0.1 0.25 0.5 0.75 1 2 5 10 30

0.05 0.68 1.69 3.38 5.06 6.75 13.5 33.8 67.5 202

0.10 0.04 0.11 0.21 0.32 0.42 0.84 2.11 4.22 12.7

0.18 0.004 0.01 0.02 0.03 0.04 0.08 0.20 OAO 1.21

0.25 0.001 0.03 0.01 0.01 0.01 0.02 0.05 0.11 0.32
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These results show that less than 25 cm of a capillary with an ID of 0.05 mm would he

required te restrict the flow of air over a one clay period. Moreover, based on theoretical

and practical assumptions, the same capillary column having a 3O-metre length would

afford an extended sampling period of approximately 200 days. It cao be seen that

capillary columns with small internaI diamerers, theoretica1ly, can give long integrated

sampLing rimes. Also, based on these assumptions, a column, 10 meters or less in length..

0.18 mm ID, would not offer more than a few hours of sampling rime. This indicates that

larger ID capillaries would not play an important raie in the flow restriction required for

long-term integrated sampling rime. However, these data theoretically provide an

underestimate of sampling intervals because the reduction of the pressure gradient over

rime is not considered in this sœady state situation where a 1 armosphere pressure gradient

is assumed.

.( C8ArrER4 BESULTS' LONG-TERM SAMPLEB

( One of the assumptions made for these calculations is that a laminar flow is established.

To verify this assumption, Reynolds numbers (Re) were calculated for these situations.

This dimensionless number represents the ratio between kinetic and friction forces when

the flow of a fluid such as ambient air is at steady state. Re numbers were calculated

according te the following relationship:

Re- 2R<v>p
Il

(eq.4.28)

(

The average velocities ( < v> ) were determined from calculated flow rate values using the

Hagen-Poiseuille equation and the cross-sectional area of the capillaries. Air densicy (p)

and viscosity (p.) at ambient temperature and pressure were used. The Reynolds numbers

obtained based on this hypothetical siwation are presented in table 4.2. Inside a pipe, flow

is considered ta be wrbulent when this number exceeds 2100. Otherwise, a laminar flow

can be assumed when lower Reynolds numbers are estimated. In such siwations, the
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Hagen-Poiseuille equation can be applied. It can be seen from table 4.2 that for every

capillary dimension. the laminar flow assumption is respected.

.( CNAnER4 RESllLTS: LQNG-TERM SAMPLEB

(

(

Table 4.2: Estimation of Reynolds numbers based on capillary

geometries using the Hagen-Poiseuille equation for a

pressure gradient of 1 atmosphere

Column ID (L) Capillary column length (m)

(mm) 0.1 0.25 0.5 0.75 1 2 5 10 30

0.05 14 5.7 2.9 1.9 1.4 0.7 0.3 0.1 0.05

0.10 116 46.3 23.1 15.4 11.6 5.8 2.3 1.2 0.4

0.18 674 270 135 89.9 67.4 33.7 13.5 6.7 2.2

0.25 1807 723 361 241 181 90 36.1 18.1 6.0

These results indicate the possibility of extending sampling time using the CSFC. As

previously mentioned. these calculations were made before the mathematical model was

developed (0 combine gas kinetic and tluid mechanic phenamena (see section 4.1.2).

However. simulations were aIso made using the mathematical mode1 develaped to

determine the geametry of capillaries under non steady state behavior. The final

relationships (eq. 4.25 to eq. 4.27). which consider the internai pressure variations with

rime when capillaries are used as tlow controilers. were used ta perform the calculations.

Figure 4.6 illusrrates simulation results which attempt ta clarify the relationship between

capillary geometries and the integrated sampling time when a one litre sample container

is used to collect a SOO-ml ambient air sample. Three graphs are shown where the lengths

of capillaries for various available ID are correlated with sampling periods measured in

days, hours or minutes. Simulations were made to obtain long-term integrated sampling

intervals with capillaries having internai diameters of 0.05 mm. 0.10 mm or 0.18 mm.
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Figure 4.6: Integrated sampling rime for capillary geometries calculated

with the mathematical model: situations where 500 ml of

ambient air is collected with al-litre sample container
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Calculations were also made with larger internai capillary diameters (0.25 mm.. 0.32 mm

and 0.53 mm) to determine their effects on flow restriction. As expected., any given

capillary length predieted by these simulations affects the sarnpling intervals (0 a greater

extent than when derived from the Hagen-Poiseuille equation (table 4.1). For example .. a

10 mettes column with an ID of 0.10 mm was shown (0 offer a 4.22 day sampling period

when the Hagen-Poiseuille equation was used. For the same situation where 500 ml of

ambient air is collected in a one litre container, the mathematical mode1 predieted an

integrated sampling time of approximately 6 days.

(
CffApTER4 RESULTS" LQNG-TERM SAMPLEB

(

(

This model was also applied ta determine the potential effects of the sample container's

volume on the length of a capillary required ta achieve selected long-term sampling

periods. A capillary with an ID of 0.05 mm was used for these simulations. The results

are illusttated in figure 4.7. In this graph.. the simulations showed that when the volume

of the container is greater than 2 liters., less than 20 cm (2.0e-1 m) of the capillary is

required ta achieve sampling periods which cao exceed 24 hours . This relationship

between these two parameters., which is based on the model, revealed an important fact.

The length of the capillary tends toward zero as one increases the size of the sample

container and/or reduœs the sampling time. For example., consider a situation where six­

liter (6 1) summa canïsters are used to collect passive subpresswized air samples. To design

CSFC units that allow sampling periods of 8., 24 or 40 hours y 0.6., 2.0 and 3.3 cm long

capillaries having an internaI diameter of 0.05 mm are needed respectively. A point is

reached where the length of capillary required becomes so small that it may be physically

difficult to assemble units. For such situations., the assembly would require a longer length

of capillary having a larger cross-sectional area (ID) to achieve these target flow rates.

This part of the study was performed to predict the capillary geometries required for the

different configurations of passive stationary and personal samplers which use flow

controllers that., theoretically., can be designed for long-term integrated sampling.
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Figure 4.7: Effects of container sizes on the length of a 0.05 mm

capillary column required 10 achieve selected inœgrated

sampling intervals as predicted by the mathematical model

developed to design CSFC units
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The simulations made possible by the model developed earlier as demonstrated the capacity

of selecœd capillary geometries to provide long intervals during which a constant flow rate

of a gas sample can he delivered ta any sample container sizes. These results provided the

basis for experimental studies with passive sampler prototypes. Capillary column

geometries were selected according to these theoretical calculatioDS. Geometties were

tested with various sample container sizes. The results obtained from laboratory

experiments will now be compared with predictions from the mathematical model.

( ClfAPTER4 RESULrs: LONG-TERM SAMPLER

(

(

4.2 2-Experjmenral tests

Theoretically, based on the mathematical model derived in the preceding section, flow

controllers ca.n be designed to control and increase the sampling interval for ambient air

and thus, improve a passive sampling methodology for gaseous conraminants such as

VOCs. Accordingly, experiments were made with prototypeS ta evaIuaœ flow rates. Model

simulations were used to select the capillary geometry required for a selected integrated

sampling period with a given evacuated container volume.

Two objectives were defmed for these studies. Data. were collected to determine flow rate

values obtained from passive sampler prototypes. This was performed tO characterize the

operating range of flow controllers and te evaluate the validity of the long-term integraœd

sampling process. From compiled results of ail configurations tested, the effects of

capillary geometries on experimentaI flow rates afforded by the CSFC was established to

provide appropriate design specifications. These results are now presented and compared

with model predictions.
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(

(

Volumetrie flow rates were determined with a sampling train designed for stationary

samplers using evacuated summa canisters. The fust tests were condueted to achieve a 24­

hour sampling interval using a one-liter container. Based on simulations7 a capillary with

an ID of 0.05 mm was selected to fulfill these criteria. Experiment results using a

predieted length (0.115 meter) of a restriction capillary column are presented in figure 4.8.

The sampled volumes (data points) are based on pressure readings taken during specified

rime intervals. Two different readings are reported: 1) those obtained from an electrooic

pressure transducer; 2) others taken from a simple mechanical pressure gauge (Bourdon

type). These data were transformed ioto sampled volume using equation 3.1 (figure 4.8,

left axis). The pressure time funetion computed from equations 4.20, 4.21 and 4.22 was

used in a similar manner to calculate the predicted sampled volume.

Flow rate predictions from model simulations are also reponed on this graph (figure 4.8,

right axis). This curve was obtained from equations 4.17, 4.18 and 4.19. The model

simulations were able to prediet an appropriate capillary geometry. However, simulations

did not entirely agree with experirnental findings. The selected capillary column geomerry

allowed the collection of approximaœly 500 ml of ambient air over a 24-hour period.

During this period, a linear relationship between sampled volume and time can be

observed. However, the sampling rate decreases with time as the container continues to

be filled after this 24-hour period. The model does not reproduce this phenomenon. In

fact, as the sampling time increases 7 the curve obtained from experimental results tends

to deviate from the one generated by the mathematical mode!. The equations were

developed to estimate the capillary length required te obtain a predefined sampling time

based on the sample container size selected. The model that predict the design

specifications used the integration of the area under the predieted sampled volume eurve

as shawn in the graph (Fig. 4.8).
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geometry -column length: 0.115 ID environmeot -temperatme: 25°C
-column diameter: 0.05 mm -inlet pressure: 1 atm

1000 1 1 0.5
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Neither simulation curve for the f10w rate and the sampled volume was able to characterize

the crue behaviour of the sampling process occurring under experimental conditions.

Nonetheless, the theoretical calculations made on the basis of the model provided an

appropriate estimation of the geometry required for this situation.

(
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(

(

To approximate the sampling flow rate during the first 24 hours, the data obtained from

the prototypes and the curve from the predictive model were linearized using least-square

approximations. These results are illustrated in figure 4 9. They show that the CSFC cao

deliver a constant sampling fIow rate (between 0.23 ml/min and 0.35 ml/min) to collect

an integrated ambient air sample passively. In fact, the model predicted a saturation

process and hence. a less constant flow rate than what is observed experimentaIly. The

regression coefficients (r) were higher in experiments when compared with those obtained

from the theoretical relationship. Both experimental factors were estimated at 0.997.

whether measurements were recorded with an electronic pressure transducer or with a

mechanical pressure gauge which is comparatively less accurate.

These experimental results illustrate the efficiency of the CSfC in effectively extending

the sampling interval. The small flow rate variations observed between prototypes can be

explained by differences in initial vacuum within evacuated samplers, or by calibration

errors for the pressure measuring devices. Nevertheless, it appears that these variations

have negligible effects on the linearity of the sampled volume measured experimentally

during the passive sampling process. Moreover. these differences did not affect the prior

characteristic of the controller which is to achieve a constant flow rate over the selected

periode Even if the final volume collected during 24 hours was not exactly similar. units

were able [0 provide gas samples that can similarly be handled for Ge injection. detection

and quantification. Such samples can represent long-term mean estimates of VOC

concentrations.
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The length of capillary column selected for this application was rather smalI. Another

experiment was made to achieve a longer duration (1 week) with a smaIler size of

container. This study was aIso condueted ID investigate in more demil the effect of the final

sampled volume on the constaney of the volumetrie flow rate offered by the CSFC. This

new experiment was made in the laboratory using a 500-ml summa canisrer, and data from

a pressure transducer were obtained over more than three weeks. The flow eontroller was

designed with 1.25 meters of fused silica capillary having an ID of 0.05 mm. These results

are shown in Fig. 4.10.

( CHAPTER4 RESULTS· LQNG:TERM SAMPLEB

(

(

Again, it can he seen that the model predictions elosely approximated what was observed

experimentally. Linear regressions were made when 40 %, 50 %, 60 % or 70% of the

sampler size was filled during the gas sample collection. Figure 4.10 shows that when

more than 60% ta 65 % of the vessel is filled with a gas sample, the pressure gradient is

not sufficient to deliver a constant sampling flow rate. Otherwise, when such low tlow

rates are achieved, the operating range of this meehanical controller can provide very

broad integrated sampling rimes, in this case ranging from 7 (0 aImost 14 days. Table 4.3

summarizes the results obtained from this analysis. Regression coefficients, which

eharacterize the precision of the sampling rate, exœeded 99% during a large rime interval.

Volumetrie flow rate was rnaintained al O.018+0.(XH ml/min over a long integrated

sampling periode Byanalogy, if a six-litre canister was used with this flow eontroller, a

sampling intervaI ranging between three ta six months could be achieved.

This panicular passive sampler configuration whieh requires a CSFC designed with 1.25

mettes of a capiIIary having an internaI diameter of 0.05 mm was developed for a specifie

application. These prototypes were used to monitor the air quality inside the Mir Russian

orbital station (see section 5.3.3.3-).
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Table 4.3: Regression anaIysis to estimate the effects of the final

sampled volume on flow rate

Fmal sampled Integrated sample Volumetrie sampling Correlation

volume period flow rate coefficient (r)

(ml) (%) (clay) (ml/min) %

200 40 7 0.019 99.6

250 50 10 0.018 99.6

300 60 12 0.017 99.3

350 70 15 0.016 98.9

These experimental results have shawn that the CSFC can be used ta extend the sampling

period when combined with an appropriate evacua.ted container. They also provided

evidence that the mathematical model can adequaœly approximate the capillary geometries

required to achieve long-term inœgrated passive sampling.

More importantly, these results demonstrate that a constant flow rate can be obtained over

a portion of the process in which the operating range of the sampler is defined. However,

this behaviour was predicted based on sorne theoretical aspects of a maximum discharge

rate of gas in pipes. In such systems, the conditions at the end of a capillary can explain

why the maximum flow rate is kept constant over a period of time. Mathematically, it was

demonstrated that the velocity of the gas equals that of sound at the tube exit until a point

is reached where a change of pressure will stan ta influence the flow rate (McCabe, W.L

and J.C. Smith, 1956). During this initial phase, a pressure gradient reduetion does not

affect the flow because the gas is moving faster man a change of pressure can be carried

back into the capillary. In other words, the flow rate is regulared by the sound pressure

wave instead of the internai pressure of the container.
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Based on mese considerations, swdies were conducted to establish the effects of capillary

geometries on the low volumetrie flow rates obtained experimentally with various passive

sampler prototypes.

( CUAPTER4 RESllLTS: LQNG-TERM SAMPLER

.(

(

4.2.2.2-Effects of geometry

Similar smdies using other capillary lengths having a 0.05 mm ID were performed. For

each experiment, a linear relationship was always observed between the sarnpled volume

and the rime during which approximately 50% of the container volume was filled. Table

4.4 summarizes the flow rate results obtained from experimental studies conducted with

specifie prototype configurations. Each experiment identified by a letter in table 4.4 was

eonducted at ambient temperature and pressure except when indicated.

A general pattern can be observed. As the capillary eolumn length (L) is increased .. the

experimental flow rate (~) decreases. This phenomenon does not depend on the volume

of the sample container (Vs) used. However, this trend was not observed in one of the

experiments (Exp. Id. i). In this test, the gas inlet was connected to a 6-1itre summa

canister presswized ta 5 psi with humid air. The volumerric flow rate is increased because

the pressure gradient is significantly higher than when atmospheric gas is sarnpled. Similar

conditions were used for experiment ~e".

It should be noted chat experiment ~d" was performed by an external laboratory. A

cooperative agreement was arrived at with the Boeing Analytical Services in Alabama for

the verification of the Iong-term passive sampling device's performance. This collaboration

provided further conflIlIlation of the validity of the measurements.

The column lengths tested were initially selected from model simulations for their ability

ta achieve a predefined integrated sampling rime based on evaeuated container volumes.
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Table 4.4: Experimental volumetrie tlow rates (~obtained with 0.05

mm ID capillaries of various lengths (L)

Configuration of the sampler Results

Exp. Vs L Qap r Pressure

Id. (ml) (m) (ml/min) (%) reading device

a 6000 0.019 0.92 99.6 gauge

b 1000 0.115 0.25 99.7 gauge

c 1000 0.189 0.14 99.0 gauge

d· 500 0.370 0.12 99.9 transducer

•• 1000 0.795 0.057 99.8 gaugee

f 150 0.870 0.031 99.1 gauge

g 1000 1.00 0.023 99.4 gauge

h 500 1.25 0.018 99.6 transducer
... 100 1.89 0.028 99.5 gauge1

.. Data collected by Boeing inc. (Manual~ S.~ 1995)
Test performed with a pressurized inlet

(

Sampling Periods of 24 hours1
, 40 hours2 and 7 days3 were selected as long-term sampling

objectives. The experimemal results are illustrated and compared with the model prediction

in figure 4.11. Based on a null hypothesis., the percentage difference between theoretical

and experimental flow rate results is not statistically significant. The probabiliry that

observed variations within the smdied range of capillary geometries could be due to chance

is less than 10% (student T-Test., 95 % confidence interval~ one tail).

l Exp. Id.: a., b

2 Exp. Id.: c, d, t: i

3 Exp. Id.: g, h

93



25020015010050
o.00 ~----'.-L----'--.....o-.......I....-....L--.l....--J.----'-.-L-""':-"":--......I....-...J....--.:....--...I---'-.-L- ......L...-":""-~---J

o

( CHAPTER4 RESlO,TS: LQNG:TERM SAMPLER

1.00

a
0.90 y experimental data

using CSFC prototype

o.so

model prediction,,-...
0.70::::.-

S:::::
E

'--'

0.60 tCL)-Cl:....
~
0 0.50 ,c
0 toc-

0.40 ~
C1.)

E
:3

( -0
:> r

~

0.30 r
r
[

l0.20 L

0.10

column length (cm)

(

Figure 4.11: Comparison of experimentai versus simulation results for the

volumetrie flow rate obtained with various 0.05 mm ID

capillary lengths (see table 4.4 for nomenclature)

94



Generally't experimental results approximate rather weIl the relationship calculated using

the model simulation. Except for annotated experiments (see table 4.4)'t most of the results

fall below the predicted curve. From this graph, one cao see that as the capillary length

increases, the changes in flow rate diminish. A transition zone occurs between 10 cm and

50 cm. For short lengths (less than 10 cm), a marked influence is noted on the volumetrie

flow rate. In this part of the curve, the variations in capillary lengths have a severe effect

on the flow. For this reason, less precise time integrations are obtained from the selection

of such shon lengths. In experiment "an (table 4.4) where 1.9 cm was used based on

model prediction to achieve a 24-hour sampling time with a 6-litre canister, the flow rate

obtained experimentally was significantly different from the expected value (3 litres of gas

sampled over 24 hours = 2.1 ml/min). With this configuration't an approximate 48-hour

period was obtained instead. Configurations using short capillary lengths are less precise,

and as mentioned earlier they are also more difficult to assemble.

(
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(

(

One of the assumptions made to use the Hagen-Poiseuille equation was that the tube is long

enough that end effeets (sudden expansion) are neglected. This is probably not the case

with short capillary length as indicated by experimental findings.

Other experiments were also condueted to study the effects of columns having a larger

cross-sectional area. Flow rates obtained for specifie samplers are presented in table 4.5.

The design of the flow eontroller unit to obtain a 24-hour sampling time with a 6-litre

summa eanister ineorporated a O. 10 mm ID capillary. Three different lengths of sueh a

capillary were tested for this situation4
•

Exp. Id. j, 1<, 1

95



These data were compared with the model prediction and illustrated in figure 4.12.
(
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(

{

Table 4.5: Experimental volumetrie tlow rates «2a,,) obtained with 0.10

mm ID capillaries of various lengths (L)

Geometry of the sampler Results

Exp. Vs L Qczp r Pressure

[do (ml) (m) (ml/min) (%) reading device

J 1000 0.150 2.60 99.6 transducer

k 6000 0.180 1.82 99.9 transducer

1 6000 0.303 1.00 99.7 gauge

fi 1000 1.12 0.37 99.7 transducer

n 1000 1.80 0.23 99.8 gauge

0 1000 2.61 0.17 99.6 gauge

p 500 10.0 0.046 99.5 gauge

Experimental sampling results from which flow rate values were obtained and compiled

in tables 4.4 and 4.5 are presented in appendix 3. In figure 4.12~ the results for an

experiment where 10 metres of column was used (Exp. Id. p) does not appear on this

graph but data can he found in appendix 3. AlI capillary lengths longer than one metre and

having a 0.10 mm ID were randomly selected (Exp. Id. m~ n~ o~ p). The exact length

required te achieve a 24-hour sarnple with a 6-litre canister was estimated. Approximately

17.5 cm is required for this situation. For each data point illustrated in figure 4.12, the

flow rate obtained experimentally was systematically lower than that caleulated using the

mode!. Percentage differences were smtistically significanL The simulation overestimated

the length required 10 achieve the selected time. This was also observed with capillaries

haviog a 0.05 mm ID~ but the effect is apparently much less severe.

96



RESULTS- LONG-TERM SAMPLEB

• experimental data
using CSFC prototype

-- model prediction

5.00 ~r-----------------------'
~r

4.50 F
F

4.00 ~

~

CHAPTER4(

n a

• •, 1 1 1 1 1 , 1 1 , !

50 100 150 200 250 300

i

r
r

1.00 ~ • 1

O.00 1...-.....:...'.............:...-.L---L......-...-:"""""O"'--J--....:..-....L-...L.......J.....-.z.........:.........L.-...L.....-l........:...-L-.t.----:..........1..-I.......1-......L.-~__.J

o

___ 3.50
s::

~
E 3.00
~

Q,)-te
; 2.50 •
~ ~ j
·5 r

Q,) 2.00 C-
E i At..
=' - .....
o t
> 1.50 ~ k

(

column length (cm)

(

FJgUre 4.12: Comparison of experimental vs simulation results for the

volumetrie flow rate obtained with various 0.10 mm ID
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In an attempt to understand why a greaœr deviarion from the model prediction is observed

with larger capillary cross-sectional area~ the capillary ~s ID was measured using electron

microscopy. The hypothesis was that the true column's internai diameter would have been

smaller rhan the one specified by the manufacUJrer. Figure 4.13 shows a photograph where

the internai diameter of a 0.10 mm ID capillary is measured. From 10 different cross­

section samples~ the microscopy reveaJed that internaI diameters were effectively 100 +

5 #Lm.

(
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FtgUre 4.13: Photograph of a 0.10 mm ID capillary's cross-section

obtained by electron microscopy

These results provided an insight into the capillary internaI diameter' s precision. However,
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they could not explain differences between mathematical model predictions and measured

sampling dynamics. Otherwise~ capillary lengths can be measured to a tolerance of

approximately 2 mm. Such errors have a minimal effect on flow rate delivered by a CSFC.

(
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(

(

4.2.3-EmpirjcaJ roodel

To improve mathematica1 predietions~ another approach was used to study the relationship

between experimental and theoretical modelling results. For both capillaries (0.05 mm and

0.10 mm [0) tested~ the f10w rate is inversely proportional to the length of the column

used. To establish the effects of capillary column geometries on the integrated sampling

time, the inverse of the flow rate (lIQ) was plotted against the capillary length. These

results are shown in figure 4.14.

For this analysis, only the data points obtained at ambient pressure were considered:

experiments identified as d, e and i were rejected based on the fact that they were not

performed under the same conditions. It has been demonstrated that a linear relationship

exists between the capillary column length and the time when a maximum discharge rate

is achieved due to the driving force of the vacuum. This phenomenon was predicted by the

model (see figure 4.6). However. it appears from experimental findings that length effects

are more important than expected. With the two capillary columns studied. the slopes

obtained from experimental data were greater than the ones ca1culated using the mode!.

Figure 4.14 aIso confmns that evacuated sample container volume does not affect the

sampling flow rate delivered by the CSFC. This parameter was considered in the

mathematical model because it is part of the selected geomerry of samplers. but the

variable does not influence the maximum discharge rate. In fact .. the selection of an

appropriate volumetric flow rate depends on only IWO variables: the Jength and the ID of

a capillary column.
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The resul15 reported in figure 4.14 provide an opponunity to improve the prediction

obtained from simulations. If the same column ID is used for the design of a CSFC, first

order experimental relationships between l/Qap and L cao he applied. For the deactivated

fused silica capillary having a 0.05 mm ID. this equation is stated as:

(
CHAmR4

1
-=44.3L-I.Ol
Qcxp

RESULlS' LONG:TERM SAMPLER

(eq.4.29)

Based on the correlation coefficient obtained, the capillary column with a 0.10 mm ID was

shown to have a better fit for the same type of linear relationship and for a wider range of

lengths. The equation obtained for such a capillary is as follows:

1
--=2.14L+O.33
Qcxp

(eq.4.30)

(

(

These two relationships cao provide precise estimates of capillary geometries required to

design CSFC. Nevertheless, they do not offer the opponunity of predicting the design

parameters for other capillary ID values. Fonunately, a more generalized expression cao

be derived and an empirical Madel was developed from experimental results.

When the slopes obtained from model simulations are compared, a ratio of 16 is obtained

(25.3/1.58). This is explained by the fact that the capiUary radius is at the founh power

in model equations. Doubling the ID for a selected capillary length theoretically resul15 in

a 16 fold (24
) increase in the flow rate. From experimental results. the ratio between the

slopes was found equal to 20.7 (44.3/2.14). suggesting that the capillary [0 may have a

different influence on the process than that predicted from theoretical considerations.

Therefore, a new power for the radius was estimated at 4.37 by dividing the log value of

the slope's ratio by the log value of the ID's ratio (1og20.37/log2). From this calculation.

an empirica.l model is proposed:
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(eq.4.31)

(

(

The value of the experimental constant (Kezp) was derived from the linear relationships

illustrated in figure 4.14 (eq. 4.29 and eq. 4.30). When the flow rate (Q) is measured in

ml/min. the radius (R) is detennined in mm and the capillary length (L) is selected in

meters~ this constant equals 2.25*lOS. Figure 4.15 compares the flow rate obtained from

every experiment conducted using long-term passive sampler prototypes with their

respective predicted values calculated using this newempirica! relationship (eq. 4.31). The

effects of capillary geometries on volumetric flow rates appear to be weil characterized by

this empirical equation which considers bath capillary dimension variables (eq. 4.31). For

the very low tlow rates required te significantly increase the sampling period. the

correlation is improved. [t can he seen that for the six data points where the flow rate was

below 0.2 ml/min. the regression coefficient was estimated at 97.9%. [n this range. the

ratio between the experimental tlow rate and the predicted value was more than 99 %.

However. the proposed relationship was not exhaustively tested. Only two results were

obtained at low flow rates using the capillary with the largest ID (O. 10 mm). With higher

f10w rate values~ the results are more scattered. probably because shorter capillary lengths

were used.

This relationship ooly applies when a pressure gradient between one atmosphere and

vacuum is used. Data could be collected to determine the influences of inlel pressure and

absolute temperawre on the experimental constant (Kap) and on the power of the radius.

This could eventuaIly lead to a more generai solution for the maximum discharge flow rate

obtained from capillaries. However. these objectives are beyond the scope of this thesis.
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The use of capillaries as flow controllers was proposed for other applications. Dewilde

developed a flowmeter in which a capillary is used ta achieve an accurate gas flow. [n this

device., the capillary is used to regulate, at steady-state, the flow from a pressurized gas

source 50 it can he delivered at a constant rate (Dewilde, M.A.. 1980). Also .. Hildenbrandt

proposed an emergency oxygen supply device in which a selected length of capillary is

used as a regulator to provide sufficient gas discharges from a high-pressure cyl inder.

However, information was not provided as to the appropriate capillary geometry required

for these applications (Hildenbrandt, A.J., 1971). In both cases, the process is under a

much higher pressure gradient than that studied with the CSFC. Moreover. these systems

are QPerated at steady-state conditions when compared with the long-terro passive sarnpler

in which the pressure gradient decreases with rime. Selected capillary geometries were aIso

proposed as means of controlling the flow rate for the collection of specified respirable

aerosol fractions in a workplace environment (Clark. R.H and J.R. Node1man, 1982).

Antbient air particles are discriminated by sampling based on their aerodynamic diameters

according to the flow rate which is used for their capture on a filtering medium. These

authors have shown that capillaries cao be applied for such purposes.

(

(

CHAnER4 RESUl,TS- LQNG:TERM SAMPLER

(

From results obtained.. il has been demonstrated that a passive sampler using a CSFC can

provide long-term sampling duratioos. However, neither the phenomenological mode1

based on fluid mechanics and gas kinetics theories (eq. 4.17 to eq. 4.27) nor the empirical

model based on experimental results (eq. 4.29 to 4.31) can provide clarifications of gas

t10w phenomena occurring within selected capillary lengths.

Many questions can be asked as to what is happening within the capillary during the

process. When such low flow rate are achieved., what kind of velocity profile is established

along the capillary length? What are the effects of sorne physical gas properties such as the

viscosity (p.) and the fluid density (p) which are both functions of many parameters (Le.

temperature and pressure)? What types of t10w is being established? Does a limit exist in
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the capillary geometry where the observed phenomena cannot be reproduced? It is not the

purpose of this thesis tO answer all these questions but sorne explanations can be found in

the literamre, principally in articles reporting on the flow of rarefied gas. An extensive

review conceming this subject bas been published (Steckelmacher, W., 1986).

( C8ApTER4 RESULTS" LONG-TERM SAMPLEB

(

(

The flow of gas inside a capillary at very low pressures can be charaeterized as a

molecular flow. In this region, the rangential momenturn of a molecule rransferred to the

waIl of the pipe on collision does not influence the velocity distribution. The gas moves

as individual molecules rather than as a continuous fluid and the velocity is eonstant over

radial coordinates. Knudsen introduced a criteria for the molecular flow whieh is defined

in terms of the mean free path in relation ta the capillary dimension. This is known as the

Knudsen number. This relationship was developed around 1908 based on initial concepts

introduced by Clausius and Maxwell. Following Knudsen' s work, others studied vacuum

flow conditions inside capillary tubes (Lund, L.M. and A.S. Bennan, 1966; Fujimoto, T.

and M. Usami, 1984).

Aside from a molecular flow, the motion of gas can aIso be located in a region in whieh

the regime is characterized as slip flow conditions. Within this specifie range, it appears

that the hypothesis, according ta which the gas velocity at the solid interface (capillary

surface) is assumed to be null, is not valid anymore. A correction factor is required to

eonsider slip effects when the gas flow is mathematically determined from a pressure

gradient in this intermediate region (Fryer, G.M., 1966). Otherwise, when the cross­

sectional area of the capillary and the pressure gradient are sufficiently high, a streamline

or viscous flow can he assumed. In this laminar flow region~ the Hagen-Poiseuille equation

provides a good approximation of the relationship between the geometry, the pressure

gradient and the volumetrie flow rate. A solution for the transition density profile was

proposed by Abramson (1972). The variation of this propeny along the capillary does not

influence the validity of the Hagen-Poiseuille equation in characœrizing the macroscopic
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phenomenon. Other aspects of the physical process involved when selected capillary

lengths are used ta partially fill agas sample container could be part of more fundamental

studies.

( CHAPTER4 RESllLTSo LQNG-TERM SAMPLER

(

(

This chapter bas disclosed the most important results of this research project. A new long­

rerm integrated passive sampler was proposed and a flow controller that can be designed

to provide any sampling durations was characterized. In the next chapter, results frOID

val idation studies including field investigations are described. These studies were

perfonned to show that a CSFC offers a precise and reliable instrument for the

characterization of long-term mean gaseous airborne contaminant concentrations.
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5-VALIDATION OF A LONG-TERM SAMPLER:

RESULTS AND DISCUSSION

Airborne gaseous contaminants such as VOCs can be collected using a novel flow

controller~ the CSFC. This device can iocrease the integrated sampling intervals as part

of a passive sampling technique where ambient air flow rates are controlled with selected

capillary geometries. However ~ the effectS of parameters such as temperawre,. humidiry.

diffusion and absorption are of concem when the precision of this sampling method is

considered.

Validation studies were made to demonstrate the reliability of this new environrnental

sampler. Different approaches were used for these purposes. Theoretical studies were

initially performed based on fundamental aspects of the process and existing physico­

chemical relationships. Experimental studies were also made in the laborarory to verify the

passive sampling device's reliability. Using CSFC prototypeS~ field demonstration studies

were finally condueted in indoor and outdoor environments to confrrm their applicability.

5.1-Theoretical approach

Physical factors which can potentially affect the constancy of the low flow rate delivered

by the capillary controller,. or which can interfere with gas chemistries can be estimated

based on data found in the literature. The mathematical model developed to predict

appropriate capillary geometries can a1so provide a useful tool to study the influence of

sorne of these parameters. Results obrained ta estimate the effects of temperature based on

theoretical calculations are presented here. The influence of relative humidity on the

sampling process will also be discussed. Finally, the contribution of gas diffusion to the

separation of chemicals which move by convection inside the capillary column is also

addressed.
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5 1 l-Effects Qf temperawre and humjditY

RESULTS' VALIDATION

(

The influence of œmperawre on the performance of the CSFC can be assessed by using

the phenomenological model and the associated relationships that were derived (eq.4.17

to eq.4.27). These equations include a term for temperature <n. Calculations can be

performed for any temperature value. It should be noted that every simulation presented

in section 4.2.1 was made assuming the sampled gas was at 25 oC. Certain variables in the

model are influenced by temperature~ notably the malar volume CV) and the viscosity (J.')

of air.

Assuming the inlet pressure is constant~ the value of the molar volume can be caiculated

at different temperatures based on the ideal gas law. On the other hand .. the effects of

temperature on the viscosity of the fluid can be determined using Sutherland's formula

(Benin. J.J.• 1987). For air. this equation is stated as:

(eq.5.1)

(

To study the effects of œmperature on the flow rate delivered by the CSFC. the molar

volume and the viscosity were calculated fQr five different values of temperature which

cover the range of potential sampling conditions. Ambient temperature from -30°C to

30°C were selected fQr this analysis because field studies are mostly conducted in such

environments. The results of these calculations are presented in table 5.1.

Based on these data~ the predicted sampled volumes over rime were determined according

to the model's relationships. Equations 4.24 to 4.26 were used to perferm mathematical

simulations. The situation where a lOOO-ml sample container is utilized to collect a 40­

heur passive integrated sample was used for these theoretical calculatioDS.
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CffAprER5 RESULTS: VALIDATION

Table 5.1: Values of molar volume (V) and viscosity (1-') of air

calculated at ambient pressure for different sampling

temperatures

Temperature (7) Molar volume ( V) Viscosity (1')

(OC) (I1mole) (10-5 Poise)

-30 19.9 1.56

-15 21.2 1.64

0 22.4 1.71

15 23.6 1.79

30 24.9 1.86

The results from model simulations are shown in figure 5.1. According ta these theoretical

data. a marked change in temperawre does not significantly affect the integrated sampling

periods achieved with the controller. As expected, the maximum discharge rate obtained

fram a capillary using an evacuated container increases with sampled air temperature.

Hawever, this effect appears to he very smaJl. After 40 hours, the difference between the

predicted final sampled volume under cold (-30°C: Vr-508 ml) and warm conditions

(30°C: Vr 520 ml) was less than 2.5 %. Based on these observations, it is anticipated that

temperature variations occurring during operation should not significantly affect the

sampling rate obtained with the novel flaw controller.

For practical reasons, sorne parameters were assumed to remain constant during this

analysis. For example, potential changes in the geometry of the restriction caused by

thermal deformations were not considered. Mechanical properties of the flow conrroller' s

solid surfaces may vary with temperature. However, the internaI diameter of fused silica

tubing is less likely to be influenced by this phenomenon when compared with other
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Figure 5.1: Predicted effects of temperature on the performance of a

CSFC passive sampler according to model simulation
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materials such as stainless steel. With capillaries, this temperature effect

(expansion/compression) is shared on a large surface: the totallength of the tubing. This

impact is more important with critica1 orifices mainly because it is distributed at a point

location. It should be mentioned that the most precise critical orifices used for low flo"'·

control are made of sapphire, a form of crystalline silica.

( CffAPTER5 RESULTS: VALIDATION

(

(

The effect of humidity on the sampling validity can aIso be discussed. The following

questions were raised. Does the sampling tlow rate change al different relative humidity

levels? What is the contribution of such a factor to possible interferences with the gas

sample? Theoretically, the maximum discharge flow rate obtained with specified tubing

lengths should not be affected by atmospheric water content. Other factors like gas

viscosity, temperature and initial pressure gradient are more relevant to fluid mechanic.

These variables were included in the mathematical mode!. On the other hand, relative

humidity is a characteristic of the atmosphere which reflects a concentration. The levels

of varions chemicals in ambient air including water, or contaminants such as VOCs. rnay

change. However, theoretically, these variations should not modify the gas flow delivered

by the controller.

For the validity of the long-term passive sampling process. there is another aspect to the

presence of humidity: condensation. Ta prevent possible loss of organic chemica1s by gas­

liquid equilibrium rransfer, water vapors should not condense in the system during

operation. This phenomenon can oceur if the gas is compressed or/and subjected to a

temperature drop. However~ with the CSfC, the sampled gas is rnaintained under a

vacuum (decompression) during the whole process. Thus, condensation problems should

not oceur. Temperature fluctuations within sampled environments are UIÙikely tO create

water droplets within the controller and/or the sample container. As the gas travels through

the capillary~ pressure decreases. Temperature reductions should have a limited influence

on waœr condensation even when nearly saturated ambient air samples are collected (ex.
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relative humidity > 90%). It should he noted that, based on energy transport, the viscous

tranSfer obtained from decompression will theoretically tend to reduce the temperature at

the solid interface (Le. the capillary). Nonetheless, this energy should he dispersed rapidly

by conduaion and/or convection te the surroundings. Based on these facts .. it is expected

that this effect will not contnbute to the formation of a liquid phase within the flow

controller.

( CHAfTER5 RESULrs· VALIDATION

(

(

Finally, airbome contaminant recovery rates and storage stabilities obtained from sarnple

containers are optimized when high humidity annospheres are sampled (Westerinen, A.

and B.B Reisman.. 1996). Moisture can fill active sites within a sarnpling system's solid

wall surfaces and thus reduce the adsorption of VOCs and/or other gaseous contaminant.

High humidity levels were never found to affect the precision and accuracy of

measurements when evacuared sample containers were used to collect passive samples with

mechanical flow conrrollers.

ln conclusion, it is not anticipated that humidity levels will interfere with the sampling

process. Aiso, temperamre fluctuations should have a relativeiy small effect on the

constancy of sampling rates delivered by the controller. These theoretical observations

suggest that the long-term integrated sampling method can be reliable enough to he used

under field conditions. Nevertheless, rnany assumptions were made and experiments

should he condueted to conclusively characterize the effects of temperarore and humidity

on CSFC's performance.

5 1 2-DjffusiouaI behayjQr

The use of appropriate geometry of capillaries to control the flow rate at such low values

also raises a question concerning possible separation effectS inside the tubing. Could

physical separation of chemicals within the flow controller interfere with the gas sample's
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representativeness? This phenomenon is observed in chromatographie columns such as

capillaries coated with a thin layer of a chemically bonded phase (stationary phase). The

separation of chemicals inside a capillary column can he estimaœd using the Van Deemœr

equation (Van Oeemter, J.l. et al., 1956). This relationship expresses the height equivalent

to a theoretical plate (HEP1), an indication of separation efficiency, as a function of three

factors that May influence the retention of Molecules inside a column. This equation is

written as:

{ CffAnER5

BHETP=AE +-+Cv_
v: -

RESULTS· VdLlDttnON

(eq.5.2)

{

where HErP is the height equivalent to a theoretical plate, AE is the factor whieh

represents the Eddy diffusion, B is the longitudinal molecular diffusion, C is the mass

transfer coefficient in the stationary phase. With the CSFC, a plain capillary without

internaI packing or srationary phase is used. Therefore, factors A and C, being stationary

phase related, can he neglected. The only factor whieh can influence separation is axial

molecular diffusion. Based on Einstein's law of diffusion, equation 5.2 can he written as:

w.
HETP=--

v:

(eq.5.3)

(

where D: is the diffusion coefficient for a binary mixture measured in m2/s, and v; is the

average 10ngiOldinal velocity of Molecules in mis. Based on the capillary's cross-sectional

area and simulation results for the volumetrie flow rate, the average velocity was

calcular.ed for different lengths of 0.05 mm internal diameter capillary. As an example. the

diffusion coefficient for a mixture of air and dichloroethylene (0.1 cm2/s) was used, and

values of HETP were computed as a function of capillary length. These resultS are
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illustrated in figure 5.2. A linear relationship between the height equivalent to theoretical

plate and the capillary length is predicted. HETP values below 3 mm were calculated for

tubing length shoner than 50 mettes. Also in this figure~ the average velocity of gas

samples is shown to be higher than 10 crois when less than 3 mettes of the capillary is

used in the design of flow controllers.

o( CHAPTEB5 RESULTS· VALIDAT1QN

1

(

Based on these~ it appears that high tluid velocities are achieved even if low flow rates

are delivered. From this observation~ the residence time of gas samples inside the flow

controller can be estimated to be less than a few minutes. Considering time intervals of

hours~ days or weeks dming which the CSFC is used., axial diffusion measured in minutes

should not interfere with the process.

These theoretical data can aIso be expressed to show the relationship between the average

velœity and HETP. This was done to compare the results with basic theory of separation

for capillaries in a gas chromatograph. Figure 5.3 shows simulation results performed to

study the validity of the capillary sampling flow cantroller. Chromatographic columns are

often characterized by their number (nb) of theoretical plates. This number can he

estimated using the column length divided by HETP (nb=L/HETP). With this equation,

calculations were performed and the number of theoretical plateS was found to he

independent of the capillary length. Using a 0.05 mm ID capillary~ aIllengths were shown

ta introduce approximately 16750 theoretical plates of separation for a mixture of air and

dichloroethylene. This is an inœresting observation: the number of plates is not influenced

by the capillary length required to provide a selected maximum discharge flow rate using

an evacuated sample container. Normally~ capillary columns usually longer than 15 meters

are required in chromatography. They should have more than 200 000 plates to be

efficient.
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To aehieve an appropriate separation~ 30-, 60- and even lOS-metre columns can be used

(Fowlis. I.A., 1995). When capillaries are used for gas ehromatography, it should be

remembered tbat separation effects also come from mass transfer between the mobile and

the stationary phases. Deactivated fused silica columns are non-coated thus, the mass

cransfer coefficient was ignored in theoretical caIculations.

( ClfAPlER5 RESULrs· VALIDATION

(

(

With the CSFC, much sborter capillary lengths are used to fulfil the appropriare flow

rates. The estimated number of theoretical plates within the system is also much lower than

what is required for chromatographie separation. From this analysis, it was shawn that

axial diffusion which can potentially interfere with gas chemisnies will have a negligible

effect on the validity of the sampling process. Nevertheless, experimental studies were

conducted te conf1I1l1 this observation (see section 5.2.3).

S.2-Experimental studies

Studies were performed in the laboratory to demonstrate the reliability of sampler

prototypes and the validity of the results obtained with them. First, a trial was made to

estimate the contribution of temperawre variation on the sampling flow rate consmncy.

Secondly, experiments were condueted te derermine the stability of sampled chemicals and

evaluate recovery rates. Finally, diffusional behavior inside the capillary was characterized

to verify if this factor is relevant when sucb low flow rate are used to collect gaseous

ambient air contaminant like VOCs.

5.2. 1-Temperawre

Ambient temperature will theoretically affect the maximum discharge rate delivered by

capillaries used to collect long-œrm't passive, subannospheric gas samples into evacuated

sample containers. Based on model relationships, calculations have shown that flow rate
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variations less than 2.5 % can be expeeted from temperature variations ranging between

-30°C to 30°C. However~ this value is probably underestimated considering ail the

simplifying assumptions made te develop model equations. An experiment was perforrned

ta confmn that ambient air œmperature fluctuations within extended sampling durations

would not cause significant measurement problems.

(
CHdPTER 5 RESClLTS- VAL/DArlON

(

(

For this purpose, a dynamic test was conducted over a period of 30 hours with a one-liter

evacuated sample container equipped with an appropriaœly designed CSfC. InternaI

pressure was initially monitored with a transducer for 12 hours until approximately 200

ml of air was collected. During this phase of the experiment, the system was at ambient

ternperature (25°C). Then~ the passive sampler was placed inside a freezer maintained at

-25°C. After a 6-hour period, required te assure complete thermal equilibrium, internaI

pressure monitoring was continued for another 12 hours~ until half the container was filled.

Based on the linear relationship between sampled volume and time, the initial flow rate

calculated at 2SoC was 0.28 ml/min. At -2SoC, the flow rate was estimated ta be 0.26

ml/min showing a small reduction in the maximum discharge rate.

These experimental results have illustrated that temperamre May have a more important

effect on sampling flow rate tban what was initially predicted from simulations. However.

a less than 10% difference was observed for a œmperature difference of 50°C. This value

is considered 10 faIl weIl within normal errors when compared with other sampling

methods. However, the precision of this test could he improved.

5.2.2-StabUjty of cbemicals

Physical factors such as adsorption may interfere with the sampling process by modifying

the composition of the collected gases and vapors in the sample container. However, it has

been shown that low VOC levels are stable in summa canisters for storage periods of up
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to one month (Brymer et aL~ 1996). Theoretically, the low flow through the capillary

should not significantly affect the integrity of gaseous chemicals. However, it was felt that

such assumptions should he verified by laboratory testing.

( CHAPXER 5 RESClLTS: VALIDA TIQN

{

(

The objective of the study was to demonstrate that the CSfC can collect a representative

gas sample. Experiments were performed using a flow control1er designed with 0.5 meters

of a capillary having a 0.05 mm ID. The device was installed on a 1000-ml evacuated

summa canister. The gas entry was cannected using Teflon tubing directly to a 6-liter

container filled at approximately 5 psi abave ambient pressure with a 40 VOC standard gas

mixwre each at 100+4 ppb(v). Figure 5.4 shows a schematic drawing of this experimental

set-up.

At time zero, bath cylinder valves were opened to initiate the long-term integrated

sampling process. The dry nitrogen gas mixwre was rransferred through the CSFC.

Approximately 500 ml was collected over a 6O-hour period. The small pressure excess

inside the larger vessel did not significantly affect the flow rate consistency. The sampling

flow rate was estimated at O. 14 ml/min for this experiment.

At the end of the passive sampling period, the contents of both cylinders were analyzed

using GCIMS. Figure 5.5 presents the chromatogram obtained for the subpressurized

sample collected through the flow contraller. This sample was diluted by a factor of 3

according ta procedures described in section 3.1.2.2-.

The gas sample was injected into the analytical system at 15 ml/min for 18 minutes. The

operating procedures used with the analytical system were described earlier (see section

3.2.1- and 3.2.2-).
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FIgUre 5.4: Experimentai set up used to verify the stability of VOCs

during long-tertn integrated sampling using the CSFC

Every chemica1 of this gas matrix was identified based on its retention time and mass

spectra. This experiment was aJso condueted ta show that the CSFC does not introduce any

contamination into the gag chemistries. Loss of chemica1s or appearance of artifacts could

negate the sampling device's usefulness. A carefuI study of ail signaIs obtained did not

reveal any significant presence of other chemicals (artifacts). GC/MS analysis has shawn

00 evidence of major interfereoces from such factors.
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Figure 5.5: Chromatogram of 40 VOCs at 100 ppb(v) acquired from

GC/MS analysis

The other container used in this experiment was also analyzed. In this case. a 9O-ml gas

aliquot was injected. The signaIs were convened to mass amount measured in ng using

calibration procedures described in section 3.2.3-. Quantitative results from bath samples

were compared and figure 5.6 shows the relationship that was found between the levels of

each VOC either delivered to the sampler. or collecœd over the long integrated periode

Each data points corresponds [0 a single chemical.

Considering the procedura! errors involved (long-tertn sampling. sample's dilution and

analysis), the regression coefficient obtained from this comparison (r=91 %) was

satisfaetory. However, certain shoncomings were noted.
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First, the slope from this relationship was lower than the optimal value of one. This

indicates a relatively small bias effect. The measured value (0.87) appears to show a slight

reduction in recovery rate. Secondly, the results appeared to he more scattered as the

calculated mass increased. It should be noted that these data points correspond to target

voes having the highest molecular weight.

( CRAPTER5 RESVLTS: VALIDATION

(

(

The calculations required to conven from volumetrie tO mass concentrations cao explain

this occurrence considering that all injecœd chemicals were at 100 ppb(v). High molecular

weight VDes are generally less volatile and more subject to adsorption (Young, D.M. and

A.D. CrowelL 1962). As VOC molecular weights increase, their recovery rates tend to

diminish.

These experimental results were validated by an externaI laboratory (see appendix 4-). To

assess the transfer efficiency, bias effects were determined for 36 non-polar and 20 polar

VOCs. This experiment was conducted using a CSfC designed ta achieve 0.018 ml/min

during seven days with a 500-ml summa canister. The same source of prepared standard

was used for comparison. Based on analytical results, the recovery rates were determined.

The percent differences observed are summarized in table 1 and 2 (section 3.0 in appendix

4-). A negative deviation was observed. Again, for non-polar compounds, the high

deviations were mainly observed for the largest molecular weight VDCs.

On average, the measured bias was less than 10 percent. With polar compounds<o the

average difference was higher: 13.7 percent with a range of 1.4 to 32.6 percent. Larger

variations normally occur with polar organic compounds. As noted in this repon (appendix

4-)<0 the general trends observed were similar ta those obtained with a simple srandard's

transfer from canister to canister.
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These data partially confirm the CSfC's ability to provide a reliable sampling method.

According to the results presented in this section. there is no evidence that the sampling

train generates interferences or contributes ta a significant bias due 10 adsorption. As

mentioned earlier. ail parts of the CSFC are made of materials (deactivated fused silica and

stainless steel) known to mioimize the presence of active sites. These statie validation

studies were able to demonstrate that the capillary sampling f10w controller cao effectively

colleet long-term integrated samples whieh reflect the atmosphere present at sampling

locations.

(
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5 2.3-Diffysjooal effects

The behavior of gas molecules traveling inside capillaries have raised questions conceming

separation effects. Based on the sampling process, theoretical calculations predieted a

constant number of theoretical plates for ail selected lengths. On this basis, it was assumed

that such factors would have no significant effect for 0.05 mm ID capillaries (see section

5.1.2-).

To confrrm that diffusional effecrs will have. at most, a minor impact on the reliability and

accuracy of the CSfC, an experiment was conducted in the laboratory using a GC/MS.

The following procedures were used.

The chromatography column in the GC was replaced with a I-metre length of a deactivated

fused silica column with a 0.05 mm ID. This capillary was directly connected between the

GC injection pon and the MS ion trap maintained under vacuum. The GC back pressure

was reduced to atmospheric pressure and the system was kept isothermal (30°C) to

reproduce the conditions encountered in the field when a CSfC is used. A binary mixture

of air and xylene was injected as a pulse to simulate the entry of a gas sample passing

through the controller and collected in the sample container.
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Figure 5.7 gives the chromatogram obtained from this experiment where., l ",lof this

mixwre was injected in the system one minute after the detector and the acquisition were

started. The mixwre arrived at the deteetor over a time interval of less than 4 seconds. The

mass spectta of air (mie 28) was found to he predominant at the beginning of the signal

when compared with the mass speara of xylene (mIe 91) which was near the end of this

peak.
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Figure S.7: Chromatogram from an air-xylene gas mixture

As predicted from theoretical considerations using Van Deemter and Einstein relationships.

a small separation was observed inside the capillary due to molecular diffusion. However.,

such a phenomenon occurred over a period of seconds. This separation effect cannot have

any significant influence on the validity of samples taken using the CSFC where sampling

durations are extended ta minutes., hours., days or months.
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From every theoretical and experimental validation study that was performed to date, the

reliability and the applicability of the capillary sampling flow controller have been

demonstrated. No evidence of major limitations or interferences was found. Based on these

results, it was concluded that the passive sampling device couId he used under field

conditions. The last part of this section will present results from field demonstration

studies.

( CHAPTER 5 RESULTS: VAL/PATTON

(

(

S.3-Field studies

Long-term integrated passive samplers were used for field demonstration srodies. These

investigations were performed ta provide funher information about the novel sampling

method"s reliability. Another objective was to evaluate the CSFC's performance under

field conditions, and te compare results obtained with those of other sampling methods.

Field investigations were conducted in various environments to characterize indoor and1or

outdoor VOCs. Other gaseous chemicals such as methane were aIso measured.

5 3 1-WQrkplace investjgatioDs

Workplace investigations were made using the novel passive sampler ta provide

quantitative and qualitative œsùng results. CSFC prototypes were designed ta achieve the

selected sampling times. In the fmt study, perchloroethylene exposure levels were

measured in a dry cleaning facility. Results were compared with data obtained with sorbent

based sampling methods. Second, long-term integrated samples collected in a wastewaœr

treatment plant were characterized to establish mean VOC profiles. Finally't unknown

airbome substances were identified inside pulp mill wastewater sludge treatment plants.

For this situation., long-term integrated sampling was used to elucidate episodic events.
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5.3.1.1-Dry cleaner

RESllLTS: VALIDAUON

(

(

The field study at a dry cleaner had several objectives. Investigations were made to verify

if prototypes could he used for personal sampling. Stationary and personal samples were

aIse collected simuitaneously using sarbent based methods ta compare exposure results

with more traditional sampling approaches.

A 3-emplayee dry-cleaning establishment using perchloroethylene as the process solvent

was selected. Stationary samples were collected at twa locations for five consecutive days

during a workweek: A) near the dry-to-dry machine, B) near the front desk. Each day, a

personal sample was also collected in the breathing zone of the worker in charge of the dry

cleaning machines. Flow controllers were adjusted to represent the workshift duration:

approximately a 7-hour sampling time. Two stationary samples were also collected during

a complete workweek aI selected locations. These (wo samplers were designed to achieve

a 35-hour sampling period. TItree prototypes were configured to fulfill these needs. Table

5.2 summarizes the design parameters used for the passive samplers tested during this field

study.

Table S.2: CSFC prototypes used at the dry c1eaner: design

considerations

Passive samplers

LocatioD Sampling time CSFC

(hours) Vs Capillary lel1gth Capillary ID

(ml) (cm) (mm)

A,B 7 (workshift) 1000 25 0.10

worker 7 (workshift) 150 20 0.05

A,B 35 (workweek) 6000 23 0.10
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Workweek integrated samples covered the same time interval as daily workshift

measurements to determine the cumulative mean exposure. Subpressurized gas containers

were analysed by GCIMS according to procedures descnbed in chapter 3.

(
CHAPTER5 BESULTS: VALIDATION

(

(

Sorbent tubes and diffusive badges were used ta monitor perchloroethylene workshift

exposure simultaneously. The same three sampling sites (locations A and B, worker's

breathing zone) were monitored each day using both devices. For the sampling method

using sorbent tubes, flow rates were verified before and after daily surveys. Pumps were

calibrated at approxirnately 100 ml/min. On their return from the field, sorbent materials

from badge and robe samples were desorbed with carbon disulfide and analysed by

Ge/MS.

A total of 47 samples were collected. AlI 17 CSFC passive samples provided

subpressurized gas samples below 0.6 atm. Investigation results are shown in figure 5.8.

Perchloroethylene concentrations measured in ppm are compared according to sampling

location and method. Sampling dates are identified from 1 10 5. These numbers represent

consecutive survey dates distributed from Monday to Friday.

Variations observed between sampling locations can be explained by emission source

proximity. The highest airborne concentrations were observed near the dry cleaning

perchloroethylene machine with stationary samples collected at the back of the room

(location A). On the other hand't lower levels were found near the front desk (location B).

Intermediate values were measured for workers' TWA exposure. The air quality at flXed

locations is influenced by environmental parameters (emission rates, ventilation

efficiencies). In addition't responses from breathing zone sampling are aIso affecœd by a

worker's persona! habits. Results obtained for stationary locations were compared. When

aIl the results were pooled, a statistical analysis (student T-Test) showed a significant

difference between the sampling sites.
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Mean concentrations were 8.4 ppm for location A, and 1.5 ppm for location B. Assuming

unequal variances, the probability that this difference could be due to chance was less than

O. 1% (student T-Test: two tails, 95 % confidence interval).

(
CHAprER5 BESULTS: VAL/DATlON

(

(

Airborne levels were aIso observed ta vary within days. Concentrations generally appeared

10 he high on day l, ta diminish during the following days and to increase on clay 5. Very

low perchloroethylene levels were measured during three consecutive days near the front

desk. For this week, variability was higher at this location. Temporal fluctuations can he

related to production rates (arnount of garments processed per clay) in addition ta other

factors mentioned above. In general, long-renn Mean measurements should attenuate these

fluctuations to provide a better estimate of central tendencies.

Ta compare results obtained with the three sampling methods, workweek averages were

calculated based on locations. Table 5.3 presents arithmetic means deterrnined for each

situation. It should be mentioned tbat all measurements were below the threshold limit

value for perchloroethylene exposure (25 ppm).

Table 5.3: Workweek averages calculated from five consecutive

workshift measurements: airbome perchloroethylene

concenttation (ppm) in a dry cleaner

Sampling methods

Sampling locations Tube Badge CSFC

Worker's breathing zone 3.6 4.3 4.9

Location A 8.0 8.8 8.3

Location B 1.5 1.1 2.1
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Large within-day differences were often observed between the three methods. For

example. on sampling day 1 and 2. measurements at location A provided data that varied

significantly according to the method used (see figure 5.8). Such results cannot be

explained. Nevertheless, for most comparative data. variations were within an acceptable

range considering sampling and analytical errors. Interestingly. it appears that daily

fluctuations between sampling methods were attenuated over time. As indicated in table

5.3~ workweek concentrations agreed closely at each sampling location. Although this

comparison is based on few samples. differences between sorbent based methods were not

more significant than those obtained with the passive sampler prototypes.

( CHdPTER5 RESULTS: VALIDATION

(

(

Experiments were made with CSfC prototypes to exœnd sampling periods. It was assumed

that it would be possible to collect a unique long-term integrated sample instead of five

consecutive daily measurements ID estimate mean exposure concentrations. Such a strategy

would be worthwhile if it could provide the same information as that obtained using

conventional sampling methods.

Comparisons were made between the results obtained from (wo long-œrm samples

collecœd aI stationary locations, and the Mean levels calcuIated from five consecutive daily

workshift measurements. For location B, 2.1 ppm of perchloroethylene was measured with

the 35-hour integrated sample. This corresponds exaetly ta the ca1culated average obtained

(see table 5.3) from highly fluctuating concentrations: the highest value was 6.6 ppm (on

day l),the lowest value was 0.3 ppm (on clay 4).

For location B, the prototype was non functional (gas leak) during the first survey day.

The sampler was brought back te the laboratory to be repaired. The flow controller was

readjusted to cover the remaining sampling clays (from day 3 to day 5: 21 hours). These

field results provided a comparison between three daily measurements respectively• 5.4.

2.7 and 12.4 ppm for an arithmetic average of 6.8 ppm. Again. the long-terro integrated

131



sample collected during the same time interval approximated these consecutive

measurements. 6.9 ppm of perchloroethylene were found within the sample container. The

complete study was reported elsewhere (Racicot G., 1996).

(
CHdPTER5 RESVLTS' VALIDATION

(

(

To conclude, prototypes were shown ta be reliable under field conditions and successful

in providing long-tertn exposure estimates. AIso, this study demonstrated that evacuated

containers equipped with a CFSC cao provide an alternative for conducting persona!

monitoring. Prototype results can compare with those obtained with other sampling

methods. Although more studies should be conducted to confirm these findings, no

significant differences were observed between the sampling approaches.

This field investigation was condueted in a workplace where only one VOC contributes to

exposure. To funher verify their performance, prototypes were also tested in a working

environment that has complex VOC mixtures.

5.3.1.2-Wastewater creatment plant

Several VOCs are potentially released by municipal wastewaœr. Many chemicals are

discharged in the collection systems (sewers) from sources such as industries, commercial

facilities, public institutions and residential households. VOCs can be transferred from

liquid to gaseous phases, mainly when high warer turbulence occurs. These fluctuating

phenomena increased airborne VOC concentrations and cao be potentially hazardous to

exposed workers (Quigley, C.I. and R.L. Corsi, 1995). An investigation was conducted

te identify and quantify the mean VOC levels inside a facility that processes approximately

250 m3 of wastewater per day. This plant was designed ta enclose all operations in a single

building to prevent odour nuisances to its immediate surroundings. This physico-chemical

treannent plant has two independent ventilation systems. One supplies air to the control

station't laboratOry and administration section. The other provides pollutant removal in
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each rooro of the process (pretreatment~ primary settling y sludge dewatering and

incineration). This facility employs approximately 55 persons.

(
CHAPTEBS BESULTS· VALIDATION

(

(

Long-terrn inœgrated samples were collected inside the plant. Prototypes were configured

to offer a 7-day sampling period. The CSFC's were designed to meet the flow rate

requirement (0.3 ml/min) to he used with 6-litre summa canisters. The f10w controllers

were equipped with Il cm length, 0.05 mm ID capillary. Stationary samples were

collected at three locations. Two samples were collected in rooms where organic

conraminants are more apt to be released into the aonosphere. For comparison.. the third

sample was collected inside the administration section.

The prototypeS provided subpressurized samples during the selected sampling time. At the

end of the sampling period~ all of the containers y internaI pressure was below 0.6 atm.

Thus.. it was assumed that based on previous experiments and maximum discharge theory,

a constant low flow rate was maintained to provide integrated measurements. Samples

were pressurized to be analysed by Ge/MS. VOCs were identified and quantified

according to procedures described in section 3.2.3-.

Figure 5.9 shows the chromatogram obtained from a field sample. Many signais (peaks)

corresponding to various VOCs were observed. On this figure, the mass spectra of

trichloroethylene is illustrated. Quantification results from the three samples are presented

in table 5.4. Approximately 30 VOCs were positively identified and quantified. These

results represent the mean average concentration for a one-week period. The levels inside

the administration section are significantly lower that those observed near process

equipment. The independent ventilation system that serves this part of the building was

shawn to be efficient. Total VOCs were higher near the senling tanks and pretreatment

equipmenty mainly due ta the presence of dichloromethane., chloroform, 1,1 .. 1­

trichloroethane, trichloroethylene and toluene among others.
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Table 5.4:

RESULrso VALIDATION

VOC results from long-rerm integrated passive samples

collected with CSFC prototypes in a wastewater treatrnent

plant

(

(

VOCs Location
Concentr8tion (ug/m3) Administration Settling t..ks Pretreatment

Dichlorofluoromethane 1.6 1.2 0
Chforomethane 0 0 0
Vinvl chloride 0 0.5 0.2
1.1-0ichloroethene 0 0 0.1
Dichloromethane 2.3 16 30
trans-l.2-Dichloroethene 0 0 0
1.1-0ichloroethane 0 0.6 0.4
2.2-0ichloropropane 0 0 0
Bromochloromethane 0 0 0
Chloroform 0 24 12
1.1.1-Trichloroethane 0 17 16
Carbon tetrachloride 0.1 0.5 0
Benzene 0 3.2 4.0
TrichJoroethene 0 10 ! 7.2
1.2-Dichloropropane 0 0 0
Dibromomethane 0 0 : 0
Bromodichloromethane 0 4.1 ! 2.0
trans-l .3-0ichloropropene 0 0 1 0
Toluene 0 33

1 141

cis-l.3-0ichloroPfopene 0 0 0
1.1.2-Trichloroethane 0.1 0.6 1 62
1.3-DichloroPfopane 0 0 1 0
Dibromochloromethane 0 0.6 0.4
1.2-0ibromoethane 0 0 0
Tetrachloroethene 0 0 0
Chlorobenzene 0 0 0
1.1.1.2-Tetrachloroe~ne 0 0 0
Ethylbonzene 0 2.0 1.8
m.~Xvlene 0 3.4 3.5
Stvrene 0.1 0 0
o-Xvlene 1.1 3.2 3.0
Bromoform 0 r 0 0
IsoDfocvlbenzene 0 0 0.4
1.1.2.2-Tetrachloroethene 0 0 0
1.2.3-TrichloroDrocane 0 0 0
Bromobenzene 0 0 0
4-chlorobenzene 0 1.5 1.2
1.3.5-Trimethvlbenzene 1.0 1.9 2.0
2-chJorotoluene 0 0 0
ter-Butylbenzene 0 2.4 2.0
n-ProDvlbenzene 0 3.3 1 4.0
1.2.4-Trimethvfbenzene 0 0.6 ~ 0
4-lsoDtoDvitoluene 0.1 2.5 2.0
1.3-Dichlorobenzene 0.2 1.7 007
1.4-Dichlorobenzene 0.2 1.7 1 0.8
n-Butvlbenzene 0 0.3 J 0.5
1.2-0ichlorobenzene 0 0.4 0.8
1.2-Dibromo-3-chJoropropene 0 0 0
1.2.4-TrichJorobenzene 0 0 0
Hexachlorobutadiene 0 0 0.3
Naphthalene 0 0.2 0.1
Total 6.7 136.3 172..0
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Figure 5.9: Chromatogram from the Ge/MS analysis of a long-term

integrated passive sample collected in a municipal

wastewater treaonent plant

However. measured concentrations were largely below threshold values for which

exposure to such chemicals bas known chronic or acute health effects. The ventilation

system that supplies air to the treatment plant was designed to dilute carbon dioxide and

H2S. These [wo gaseous contaminants are emitted during the process. Although few

samples were collected7 it appears that ventilation was aIso able to keep VDCs at a safe

level.

This field demonstration study shows that long-terrn integrated passive samplers can be

used to characterize complex VOC mixtures. In such workplaces~ the nature and the
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amount of VOCs depend on what is discharged into the sewer. Temporal variations can

be fairly important. Thus, extended sampling periods reduce the number of samples

required to estimate mean exposure profiles.

(
C1lAPrER5 RESULTS· VALIDATION

(

(

5.3.1.3-Pulp mill wastewater sludge treatrnent plants

This field study was condueted inside workplaces where sludge from pulp miIl wastewater

treatment plants is handled. Workers in charge of shovelling compost piles complained

about ocC3Sional pungent nauseating odours. During these episodic events .. they suffered

varions health outcomes (na~ vomiting, headache). The study objective was to identify

chemicals poœntially responsible for such effects.

Episodic emissions are difficult to characterize using conventional sampling approaches.

Considering sampling rime limitations.. industrial hygienists must be prepared to intervene

when events occur. Logistically.. this may require considerable effort with available

equipment. A strategy using long-term passive sampling with CSFC sampler prototypes

was proposed as a mean of collecting offending substances.

Prototypes were designed to sample ambient air during a continuous two...week period.

Samples were collected simultaneously aI [wo different plants. During this period.. workers

were asked te note events when strong emissions were perceived. Figure 5.10 gives a gas

sample chromatogram obtained from a qualitative GCIMS analysis.

A cluster of peaks is observed between scan numbers 1900 and 23001
• As indicated in this

figure .. the predominant mass ion is 93.

1 Top x-axis nomenclature for GC/MS's figure are scan numbers (the bonom line is
chromatogram ~s retention times)
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Figure 5.10: Chromatogram from the GC/MS analysis of a long-terro

integrated passive sample collecœd inside a pulp rnill

wastewarer sludge treatrnent plant

Air samples from bath plants had the same chromatogram pattern. Sludge sarnples were

aiso collected and analysed. For this analysis. approximarely 0.5 g of wet sludge was

transferred to purge vials. 5 ml of distilled water was added to the vials. They were

installed on the P&T autosampler (see figure 3.4). Sludge volatile organics were purged

inm the sorbent trap with 40 ml/min of nitrogen over an Il-minute period. Analytes were

then thermally desorbed iota the GC/MS. separated and detected usiog conditions similar

to those used for gas samples.

Similar peaks were observed during the qualitative analysis of the sludge. Using a mass
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spectra Iibrary search2 • these signaIs were matehed with chemicals having trimethyl. and

bicyclic alkene functional groups, and they were tentatively identified as bomeol

derivatives. These compounds probably belong to the family of essential ails originating

from woods and leaves. Their presence in ambient air may he the cause of health problems

among workers handIing sludge. Biogenic borneol type chemicals such as camphor,

carene, alpha-pinene are odorous produets. Bomeol has a peculiar peppery odour and may

cause nausea, vomiting, mental confusion and convulsions (The Merck Index. 1989).

(
CNAPCER5 BESULTS· VALIDATION

(

(

Eucalyptus oil was aIso anaIysed by GC/MS to confmn the nature of predominant signais

obtained from those samples. For this analysis, 10 III of oil mixed in a purge vial with 5

ml of distilled water was injected using procedures similar to those used for sludge sample

analysis. Four peaks were found between scan 1900 and 2300. The mass spectra from

these signais matehed those observed for ambient air and sludge sarnples. Retention times

were nearly identical for (wo of these signais.

These results suggest that a mixture of essential oils is released in these pulp mill sludge

treattnent plants. Airborne concentrations can occasionally reach a toxic level. This field

demonsttation study shows that a strategy using long-terro integrated passive sampling is

a valuable alternative for the collection of airbome chemicals which are emitted during

episodic events. In fact. this device is the only one available to conduct such studies.

Three field studies conducted in different workplaces provided further evidence of the

reliability and advantages of using a CSFC with evacuated sample containers. Passive

sampling periods can he adapted to meet any study objective. Quantitative and qualitative

field test results demonstrated that this approach extend sampling periods for the collection

2 Based on the mass spectra obtained for a peak, the software compares signais with a
bank that contains more than 60 000 different cracking patterns of chemicals.
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of airborne VOCs in workplaces to establish their mean concentrations. This nove1

sampling approach was also shown to be applicable ta personal monitoring.

(
CltAPTER 5 BESl!Lrs- VALIDATION

(

(

5 3.2-EnyironwentaJ survey

Investigations were also performed to colleet outdoor ambient air samples. This field

demonstration was condueted in the viciniry of a sanitary landfill site. The swdy objective

was to verify that background VOC levels as weIl as methane concentration can he

determined from long-term samples collected with the prototypes.

5.3.2.1-Landfill biogas

Sanitary landfill sites may pose an environmental and health hazard because toxic effluents

are emitted in the forro of leachaœs that can seriousIy compromise the integrity of

groundwaters., and a complex mixture of taxic vapors and gases (biogas) that pollure the

air. Montreal"s main municipal solid waste landfill site is of particular concerne lt is

considered the third largest site in North America. The total landfill area is approximately

750000 m!. Since 1968., more than 36 million tons of domestic and commercial refuse has

been buried there. According to projections., it will remain open for another 10-15 years

until i15 complete capacity is reached. Finally, it is estimated that approximately 100 000

persons live within 2 km of this site.

In landfill sites" biogas is produced by the anaerobic degradation of organic materials.

Approximarely 99 % of biogas is composed of methane and carbon dioxide in equimolar

proportion. The residual fraction consists in low levels of severa! VOCs~ hydrogen sulfide

and mercaptans (U.S.EPA" 1991).

Epidemiological and roxicological data suggest that individuals chronically exposed te low
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biogas levels may experience a number of health outeomes y iocluding low perceived health

statusy non-specifie signs and symptoms, and respiratory ailments. Cross sectional studies

have been carried out near landfills in New York: and Hamilton (Hertzman, C. et al, 1987;

Schultzy S.. 1982). Although exposure situatioDSy study designs and response rates were

differen~ there were similarities in results: statistically significant increases (with respect

to unexposed populations) were observed for the prevalence of respiratory symptoms.

coughy ear, nose and throat problems y and for headache and mood. Moreover, previous

retrospective epidemiological investigations among persans living in the vieiniry of the

Montrea1 y s landfill have shown increased risk with proximity to the site (Goulet, L. et al.,

1995; Goldberg, M.S. et al., 1995). However y these studies were not correlated with

exposure measurements. The contnbution of fugitive biogas emissions on indoor/outdoor

air quality was poorly defined.

( C8APTER5 RESllLTS: VAL'DAnON

(

(

A research project was conducœd ID determine the disnibution of air pollutants around the

landfill site. One of the objectives was to demonstrate the feasibility of obtaining exposure

results while conducting a cross sectional epidemiology study designed to compare non­

specifie respiratory problems between persons living in exposed and unexposed areas.

Initially, methane and VOCs were measured as potential emission traeers using two

different sampling approaches. VOCs were eollected over a five-day period with sorbent

passive badges. At the same locations~ methane was also sampled y but over shorter periods

using pumps and sampling bags. lndoor/outdoor measurements were taken during {WO

seasons at randomly selected residences disttibuted within a two km radius of the site.

Based on these results, any correlation was found between distanee from the site and

neither airbome methane ncr VOC levels. Exposed/unexposed populations could oot he

identified from the data. Nevertheless, general trends were observed. For VOCs, mean

indoor concentrations were significantly higher than outdoor levels, and in bath cases the

distrIbution appeared to be very large. From 26 measurements y geometric mean (GM) of
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outdoor concentrations calculated for total VOCs equalled 19.8 p.g/m3
, and the geometric

standard deviation (GSD) was 4.1. Similar variability was found for indoor total VOC

concentrations (GSD=4.7) but the mean level was higher (GM 77.3 p.g/m3
). Based on a

student T-Test (nulI hypothesis assuming unequal variances: comparison for a 95%

confidence interval using one tail), the difference was significant (pvatuc< 2.5 %).

( CHAPTER5 RESUl,TS: VALIDATfON

(

(

Even though the reliability of sorbent badges can be questioned.. it appears from results

that landfill biogas emissions contribute less to VOC exposure than average indoor air

contaminations. Funhermore.. methane results for samples collected inside and outside

residences did not indicate the presence of biogas. Both indoor/outdoor Methane

measuremenrs were near background levels (between l and 2 ppm).

To verify the hypothesis that methane can be used as a biogas emissioo traCer, other

investigations were performed. Shon-term upwindldownwind methane measuremenrs were

conducted to evaluate spatial atmospheric biogas dispersion profiles (see figure 5.11).

Sarnpling bags were simulraneously collected on opposite sides of the landfill site during

lü-minute periods. Bag samples were analysed by Ge/FID according to procedures

described in section 3.2.4-.

Upwind measurements were near background levels. However, downwind measurements

were higher, principally in the immediate vicinity of the landfill. As expected.

concentrations decreased as the distance increased. The highest measured concentration

was 5.8 ppm. It should be mentioned that impressive biogas collection and destruction

technologies have been installed on this landfill site to control emissions.

Nevertheless, the resuits in figure 5.11 show that Methane cao be used as a biogas tracer.

Unfonunately, available sampling approaches would oot extend sampling period to

attenuate temporal fluctuations due to mereorological changes.
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This is probably why the presence of biogas could not be deteeted in methane samples

collected near and in households. These studies were briefly descnbed to point out inherent

difficulties with sampling methods initially used for this research project. Later, CSFC

passive samplers were proposed as a mean of overcoming these limitations. A

demonstration smdy was performed to show that prototypes are reliable for the collection

of outdoor air samples from which methane and VDCs can be quantified.

(
CNAPTER5 RESULTS: VALIDATION

{

(

Seven prototypes designed to sample during a 7-day period were distributed around the

site. Outdoor sampling was condueted at 21 selected siteS during three consecutive weeks.

Sorbent badges were aIso collected at the same locations during similar time intervals. For

Methane, a geometric mean concentration of 3 ppm was found (GSD= 1.6). The highest

value (11.4 ppm) was obtained at a site located at less than 150 meters from the site.

Background levels were systematically measured at sites located more than 500 meters

from the landfill. Based on this field study, it appears chat the CSFC passive sampler cao

be used te determine average outdoor air Methane concentrations.

For VDCs, GC/MS signals obtained from prototypes provided a more complete profile

when compared with chromatograms from badge analysis. Highly volatile chemicals are

not obscured by the desorbing solvent (CS,). Figure 5.12 shows the chromatogram of a

long-œrm integrated passive sample collected outdoors near this landfiU site. The benzene

peak with its mass spectra is aIsa illustrated.

Prototype and badge results were compared based on pooled distributions of toral VDCs.

For the prototypes, the GM is 21.7 p.g/m3• This average is higher than that obtained based

on outdoor badge sample analysis (Le. 13.1 p.g/m3). This may he explained by the fact that

with badges, toluene was not reported due to an analytical contamination. Inœrestingly,

the variability within prototype measurements was lower. The GSD was found ta be 1.9

whereas it was 2.3 with badge measurements.
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Figure 5.12: Chromatograrn from the GC/MS anaJysis of a long-term

integrated passive sample collecœd oUldoor around a landfill

site

Complete results from this environmental monitoring research near the Montreal's landfill

site were reponed elsewhere (Goldberg, M.S. et al., 1996). Ta conclude.. il appears that

CSFC prototypes are suitable for outdoor ambient air investigations. Compared with

sorbent badges. this sampling approach offers the opponunity tO analyse other gaseous

contaminants such as methane. Furthermore. when extended sampling intervals are used.

convective low flow rates may be more precise and reliable than diffusive uptake rates. To

swdy the influence ofbiogas on air quality. this newapproach can provide the results thal

can potentially define exposed/unexposed areas more easily.
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Other field surveys were performed ta evaluate indoor air quality. Studies were conducted

in private residences and office buildings. Prototypes were used aboard the Russian Mir

orbital station to characterize VOCs and other gaseous pollutants.

5.3.3.1-Residences

ln private residences, VOCs are potentially hazardous and their presence in indoor air is

of concern mainly because chronic exposure can result in adverse health effects. However..

sorne residents may aiso develop a chemical sensitivity where a single VOC can be

responsible for asthma and/or nonspecific symptoms sueh as headaches.. naus~ fatigue ..

memory 10ss, etc (Miller, C.S., 1996). These individuals may reaet after a shon-term

exposure below the recognized subsœnce's threshold limit level. Because emissions cao

he highly variable with time, it is difficult to assess their Damre. Prototypes were used to

colleet long-term passive samples to characterize unpredictable and episodic events.. to

identify the source(s) and to determine the mean contaminant leveL Two case srudies are

reported.

In the first case, three persons complained of OCC3Sional solvent odours and various

respiratory problems. Over the past IWO years, they had experienced other nonspecific

symptoms mainly when peak levels were perceived. An ambient air investigation was

conducted and three passive samples were collected over a continuous three-week periode

Ge/MS analysis revealed the presence of an abnormally high mean concentration of

perchloroethylene in the bedroom (175 ppb). It was larer found that the presence of dry­

cleaned garments was probably responsible for the exposure and symptoms (outgassing of

this solvent over rime after processing).
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The second case involves a person living in a retirement home whose complaints and

symptoms were similar. Here y naphthalene (220 ppb) was measured using two-week

integrated passive samples y and the presence of moth balls in the bathroom adjacent to her

apamnent was identified as the emission source. A strategy using long-term sampling was

able ta capture the episodic events and identify the offending VOC which probably was

the cause of the chemical sensitivity.

(
CBAPTER5 RESla,TS: VALIDATION

(

(

5.3.3.2-0ffice buildings

Investigations were performed in [wo office buildings. Prototypes were used to collect

simultaneous ambient air samples on different floors dwing a five-day period (from

Monclay moming ta Friday afternoon). Five samples were collected inside each building.

The office towers were selected because of their similar characteristics (locations., number

of floors and ventilation systems). However, one building is of recent construction., and

this parameter was used for comparison purposes. Outdoor ambient air samples were also

collected on the roofs to estimate the air quality at the ventilation intake.

A total of 12 long-term integrated passive sarnples were collected during this field

demonmation study. Samples were analysed by Ge/MS to quantify more than 50 VDCs.

Total VOCs and toluene concentrations provided the most marked differences. Table 5.5

presents comparative results based on building construction dates.

Outdoor Mean levels were very similar. l'hus, indoor level variations cannOt be explained

by the quality of the outdoor air which enters the ventilation system. Measured indoor

toluene and toœl VOC concentrations were observed to be higher inside the more recent

building. Based on only five measurements y average toluene levels were significantly

different (student T-Test assuming unequal variances y 95 % confidence interval, one tails:

pValuc=8.7%).
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Table 5.5: Toluene and total VOC concentrations obtained from the

analysis of long-œrro inœgraœd passive sarnples collected in

two office buildings

Airbome concentration (p,g/m3
) in office buDdings

Recent construction Old construction

Floor Toluene Total VDCs Floor Toluene Total VOCs

]SI 296 343 ]SI 29 174

I4fh 100 145 ItY' 26 139

Isar 25 76 Iph 7 36

l'?' 750 818 IgJ' 10 77

2r 39 88 2Er 15 98

~
242 294 mean 17 105

Rouf 8 44 Roof 8 48

Building maœrials (carpets and fumiture) are more likely ta outgas in recently constructed

buildings (Hodgson~ A.T. and l.M. Daysey ~ 1989). This provides a plausible explanation

for the findings. Highest toluene concentrations were found on the 19tb floor of the newer

building. Figure 5.13 gÎVes the chromatogram obtained from the analysis of this long-rerro

integrated sample. Toluene mass spectra (91 mu being the predominant ion) is aIso

illustrated on this figure. The taluene peak was found ta be more predominant than any

other signal acquired frOID this long-rerm integrated passive sample. There were significant

differences in the building~s air quality based on its construction date. Extended sampling

Period results can theoretically require less observations compared with sampling methods

using shorter sampling intervals. Complete results from chis field investigation were

reponed elsewhere (LaI, S., 1996~ Cragg~ S., 1996).
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Figure 5.13: Chromatogram of a long-rertn integrated passive sample

collected at the 1gtb floor of an office building

This demonstration srudy complemented the validation process which shows that the newly

developed sampling method provides a viable alternative for the collection of VQCs.

4.4.3.3-0rbital station

The CSFC was used aboard the orbital station Mir as a first trial made by the US (NASA)

and Russian space agencies to evaluate this novel sampler. Ten prototypes designed to

achieve a 7..day sampling rime using SOO-ml canisœrs were assembled and initially tested.

Based on successfu) laboratOry resultS (see appendix-4)~ four of these units were launched

inm space during Soyuz mission TM-23~ the 21 st of February 1996. They were used inside
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the Mir station to colleet air samples before and after docking with the Priroda module

(Kubasov, V. N., 1996). Samples returned from space six months larer in Challenger's

mission STS 79. Each prototype provided a vaIid long-term integrated sample, and vacuum

pressure below 0.6 atm was measured. They were successfully analysed in Boeing's

laboratory ID quantify target VOCs as weIl as other gaseous components such as CO2, CO,

N2, O2 and CH4 •

( CHt1PTER 5 RESUl,TS: VALIDATION

(

{

Recently, exposure limits for target airborne contaminants were defined for spacecraft

annospheres (James, l.T. and D.E. Gardner, 1996). The authors defined maximum

allowable concentrations which are a function of exposure periods (1 hour, 24 hours, 7

days, 30 days or 180 days). It was recognized that health risks from chronic exposure are

better defined based on long-term mean measurements. The sampling technology

developed during this research project was selected to he part of a space experiment

because the new device was found to be reliable. Omer advanœges include the fact that it

is simple to operate, inexpensive, and more imponantly, it can provide extended sampling

period.

Field demonstration studies provided evidence that passive samplers using the CSFC offer

an improved approach for the collection of VOCs and other airbome gaseous pollutants.

With evacuated sample containers, selected capillary geometries were shown tO allow long­

term integrated measurements and to provide reliable results.
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( 6-CONCLUSIONS

6.1-General

This research has focussed on the use of capillaries as flow controllers that provide a

passive sampling method able to achieve long-term integrated sampling periods. Selected

capillary geometries are used to control constant low convective air flow rates delivered

by maximum discharges due to a pressure gradient established between an evacuated

sample container and the atmosphere. Four general conclusions cao he drawn from this

research:

1. Any sampling time can be achieved by the selection of an appropriaœ capillary

geometry (length and internai diameter) used to design the flow conuoller (CSfC).

( 2. Capillary geometries cao be determined frOID mathematical equations based on

theoretical and empirical models to arrive at the sampling time requirements.

3. Validation studies have shown that long-term integrated ambient air samples

collecœd with summa canisters for the analysis of gaseous pollutants such as VOCs

are not altered by the flow conn-oller (CSFC).

4. Field investigations conducted with prototypes conrmned that long-rerm passive

samplers equipped with the flow controller can provide a simple~ versatile and

reliable alternative to characterize airbome VDes in indoor and outdoor

environments.

In essence7 capillaries can he used ta control and7 principally, to extend sampling time.

This research has culminated in the development of a f10w controlling device that
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effectively opens a host of new possibilities in the realm of sampling strategies. Thus~

passive samplers equipped with this novel flo\v controller can most certainly play a role

in the understanding of the relationship between airbome VDes and their health and/or

environmental effects.

( CHAPTER 6 CONCLUS/ONS

(

(

6.2-Summary of findings

This research went beyond the objectives stated initially. The main results obtained for the

design, development and validation of the novellong-œrm integrated passive sampler are

now summarized.

6 2 l-Capj]]ary Sampling Flow Cootroller

The most important aspect of this research concerns the development of a flow controller

based on selected capillary geometries. Relationships between sampling time and capillary

geometries were determined to allow the design of long-term integrated passive samplers.

Based on theoretical considerations, a mathematical model, derived from fluid mechanic

and gas kinetic laws, was obtained to predict the capillary length required ta provide a

selected sampling period considering other dimensional and physical parameters (see

equations 4.17 to 4.27). The Hagen-Poiseuille and ideal gas equations were modified to

include a temporal dimension (see equations 4.10 and 4.16) that could characœrize the

sampling process.

Predictions based on theoretical calculations demonstrated that capillaries having 0.05 and

0.10 mm ID can potentially reduce sampling flow rate, thus increasing sampling rime.

Experimentally, sampling flow rates between 0.018 and 0.92 ml/min were observed when

less than 2 metres of a capillary having a 0.05 mm ID was used. These results compared

surprisingly weIl with model predictions and percentage differences between simulation
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and experimental results were not statistically significant. Unfonunately, the theoretical

model was not as precise for the capillary having a 0.10 mm ID. Experimental flow rates

between 0.046 and 2.6 ml/min were obtained when up (0 10 mettes of this capillary was

used. Model predictions for these predefined lengths systematically overestimated the

sampling flow rate. Based on measurements by electron mieroscopy, this observation could

not be explained by the precision of internaI diameters. It could be due tO many other

parameters considering simplifying assumptiOIlS used for the model development.

Explanation for the occurrence of this phenomenon was judged to be beyond the objectives

of this research.

( C8APTER6 CONCLUS1QNS

(

(

Nonetheless, experimental results obtained by œsting various lengths of bath capillaries

provided an opportunity to improve mathematical predictions. The length was found ta be

inversely proportional ta the maximum discharge sampling flow rate. This was predicted

based on the theoretical mode!. However, correlations obtained experimentally for the

inverse flow rate versus capillary length were different than those obtained on a theoretical

basis. The internai diameter was shown ta have a greater effect than initially predieted.

Based on experimental results obtained with an initial pressure gradient of 1 atmosphere,

an empirical model was derived as a generalized solution that cao account for the observed

phenomena (see equations 4.29 to 4.31).

The Low fIow rate (Q) required ta achieve a specifie long-term inœgrated sampling rime

is dictated by the volume of evacuated containers used to colleet a subpressurize passive

sample. Capillary geometry can be calculated ta meet the design specifications of a flow

controller. The mathematical equations that were derived provide a most valuable tool to

design passive sampler flow controllers that cao achieve any predetermined sampling time.

It should he remembered that other currently available flow controllers (critical orifices)

cannot reduce sampling flow rates below 2 ml/min. Consequently, whole air passive
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sampling methods were limited~ at best~ te a 24-hour sampling interval. Experiments were

mainly performed te achieve 10w flow rates ta extended sampling periods. However..

capillaries couId a1so be used to obtain shorter sampling times. Apart from ambient air.

such flow controllers couId aIso serve to monitor gases within process equipment to

establish their performance.

(
CHAPTER6 CQNaUS10NS

(

{

From these findings .. a new passive sampler is proposed. It can he configured for

stationary sarnpling and persona! monitoring. The novel flow controller (CSFC) is the key

part that allows extended integrated sampling times. Although it is very simple.. the

approach used is completely original. These passive samplers may create a revolution in

the fields of industrial hygiene and environment. New strategies can he implemented ta

characterize VOCs and other gaseous airbome pollutants. The concept could also provide

new fundamental knowledge in fluid mechanic.. gas kinetic and applied physic. However..

many questions still need to he answered. For instance .. what is happening inside a

capillary when snch low gas flow rates are delivered by maximum discharge into an

evacuated container?

6 2 2-Validation studjes

The concept of using capillaries ta control flow rates and extend sampling times was

successful. However, more swdies were performed to demonstrate that the use of such

flow controllers is a valid alternative for the collection of ambient air samples to

characterize airbome VDes. Three approaches were used to evaluate the reliability of

long-term samplers. TheoreticaL, experimental and field demonstration studies were

conducted.

From simulations using a theoretical model, the œmperamre effects on flow rate consœncy

were estimated for a predefined capillary geometry. Based on this approach, less than a
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2.5 % flow rate variation was calculated for a 6QoC temperature difference. The

longitudinal molecular diffusional effects were a1so determined theoretically. As an

example.. an air-dichloroethylene binary mixture was used to assess potential separation

inside the capillary column. The height equivalent to a theoretical plate (HETP) was

calculated from average gas velocities within lengths of a 0.05 mm ID capillary using Van

Deemter's equation. The estimated number of theoretical plates were found to be

independent of capillary length used to design flow controllers. Results obtained based on

theoretical considerations indicate that separation effects from longitudinal molecular

diffusion should have no impact on the long-term sample's representativeness.

(
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Laboratory swdies were performed to verify conclusions drawn from theoretical findings.

For temperature. less than a 10% difference in sampling tlow rates was observed for a

SooC variation. Experimentally.. the temperature changes appeared to have more a

important effect than shown initially by the results of mathematical calculations. However.

these potential errors are still below an acceptable level. Experiments also confirmed that

diffusional effects does not affect the sample's validity. An air-xylene mixture was injected

as a pulse into the GC/MS modified to reproduced conditions within CSfC samplers.

SignaIs obtained did not reveal a significant separation of gaseous chemical that could

affect the reliability of long-terrn samples. Furthermore. experimental studies were

conducted to verify the stahility of ambient air VOCs transferred at low flow rates to a

summa canister. Recovery rates were determined and results showed that the flow

controller does not significantly alter the chemical composition of sampled gas. It was

concluded based on theoretical and experimental srudies that long-term passive samplers

with evacuated containers using selected capiIlary geometries as flow controllers cao be

a reliable approach for the collection of gaseous airborne pollutants such as VDCs.

Based on these facts ~ field investigations were conducted to further demonstrate the

applicability of sampler prototypes. Studies were performed inside workplaces and in other
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outdoor or indoor environments. Prototypes were used to characterize perchloroethylene

exposure in a dry-cleaning establishment. For this case study., comparisons with other

sampling methods (sorbent tubes and badges) showed that passive samplers equipped with

the CSfC were as reliable to determine mean breathing zone and/or stationary

concentrations. In fact~ if one considers the possibility of overloading and breakthrough..

and the effect oftemperawre and humidity on sorbent-based methods~ it can be concluded

that the novel sampler is more reliable. Prototypes were aIso successfully used to

determine VDes levels over long sampling periods: inside a wastewater treannent plant

to characterize large contamination profiles.. and in (wo pulp milI sludge wastewater

treaonent plants to identify episodic emission events. For outdoor ambient air studies.,

CSfC samplers were shown to provide a bener alternative to the usual methods to

characterize me potential influence of landfill site's biogas., mainly because methane and

VOC"s concentrations cao be determined from the same long-renn samples over extended

sampling periods. Indoor air quality studies were aIso conducted. Inside residences, long­

term sampling strategies were able te identify substances responsible for cases of chemica1

sensitivities. These studies funher confirmed the unrnatehable ability of snch a sampling

device ta investigate episodic events. Inside office buildings., long-term integrated samples

could result in sœtistically significant differences between VOC levels between more recent

and older constructions. CSFC prototypes were aIso used inside the Mir orbital station,

and they were able to provide valid results on air quality inside such a confined space.

(

(
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These field demonstration studies have shown that long-term sampling is a wonhwhile

alternative ta define and characterize source emissions, ventilation efficiencies, ta identify

episodic events and to quantify mean exposure or background levels. Theoretical,

experimental and field validation studies were able te provide evidence that the novel

samplers provide a simple, versatile and reliable passive sampling method to characterize

indaar or autdoor VDes. The proposed concept should directly benefit professionals

involved in field monitoring. Indirectly, results from long-term integrated sampling should
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also help toxicologis~ epiderniologist and physician who atternpt to establish a relationship

between exposure and health outcomes.

(
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6.3-SuggestioDS for further studies

Funher developments on the use of selected capillary geomerries to control maximum

discharge flow rates can he anticipated. Fundamental and applied studies are now

proposed.

6.3.1-Eundamenral research

FundamentaI aspects of gas kinetic and fluid mechanic should be srudied based on the use

of capillaries ta provide a constant flow rate. The following research tapies are proposed:

to study the behaviour of certain parameters such as air viscosity and density

profiles between a vacuum and ambient pressure: that could help to establish a

more precise theoretical relationship between sampling flow rate and capillary

geometries~

ta derermine relationships that would better characterize the velocity profile inside

capillaries used for long-terro integrated sampling with the novel flow controller

(CSFC)~

ID verify how model relationships tbat prediet maximum discharge flow rates apply

ID other sampling conditions found in process monitoring: for instance~ pressurized

gas sources (other than ambient air)~

ID elucidare what type of flow ( molecular ~ slip or streamline) is being established

as a function of capillary geometries~

to explore lirnits in geometries (capillaries having longer lengths~ smaller or

multiple cross sections, sample containers having smaller sizes) where observed

phenomena may not apply.
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Sampling methods based on the use of a CSFC would require further research to better

characterize performances obtained witb this passive sampling approach. The following

researcb projects are proposed:

to extend testing with capillaries having larger cross sectional areas to control

sboner sampling times (verify if model relationships aiso apply).

to develop CSFC passive samplers to monitor VOCs to evaluate process equipment

efficiencies•

to improve experimental sampling configurations by using an interface that could

connect pressure probes ta computers.

ta use a Pirani pressure gauge that could more precisely measure initial vacuums.

to perform recovery rate studies with a larger group of VOCs: for example. polar

VOCs. essential ails and mercaptans~

ta use conrrolled low flow rates offered by maximum discharge to preconcentrate

more reactive VOCs onto sorbent materials;

to conduct other comparisons with recognizecl sampling techniques;

to conduct funher field investigations.

6.4-Contribution to knowledge

This study has made theoretical and practical contributions to the field of industrial hygiene

and environmental sciences. Health and engineering professionals will benefit from the

longer integrated sampling periods DOW possible when airborne VOCs are sampled.

Contributions are defined as follows:

Flow controllers designed with selected capillary geometries that offer low

sampling flow rates.
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Mathematical models that predict capillary geometries required to achieve

maximum discharge rates with evacuated containers.

(
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A passive sampling process that can extend sampling periods and theoretically

provide any sampling time.

Passive samplers that are reliable and simple ta operate, chat can he configured to

perfonn either stationary or persona! sampling, and that can he used as part of new

field strategies.
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CAPI:LLARY SAMPLI:NG FLOW CONTROLLER

ABSTRACT OF THE DISCLOSURE

A eapillary sampling flow contro1.1er provides an

improvement in the process of sampling or monitoring

for the analysis of air and gas chemistries; a

constant flow rate is used to introduce 1 à specifie
1

volume of gas inta a vesse! or through a trapping

media Qver the selected sampling period. The

improvement employs calculated geometry of the

capillaries employed to deliver the- gas sample to the

evacuated vessel. It can aiso inciude a pressure

reading device installed between the vessel and the.

capillary, and a fiiter at the inlet. The length of

capillary with available internaI diameters is

estimated mathematically and confirmed experimentally

ta achieve any sampling time using any size samp1.er.

The flow rate obtained from the controller is constant

over its operating range and is designed to meet a

specifie sampling duration to obtain long-term

integrated samples. The sampling process becomes

completely passive, precise, reliable and simple ta

operate.

,..
....
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BACKGROUND OF THE INVENTION

i) Fi.eld of the Invention

This invention re1ates ta the collection of gases

or ambient air samples. More specifically, the

invention relates ta a novel flow contral1er wherein

calculated dimensions of a capillary tube are used ta

introduce a constant flow of sample into any size of

pre-evacuated sampling vessel. Any flo~ rate is

theoretically possible and hance, choices of average

sampling time can he selected. The time integration

property of this new flow controller is a major

attribute. It can contribute in extending sampling

duration ta obtain more relevant data on the Mean

levels of contaminants. Alsa, it .can be used ta

collect grab samples and short term sampling can

efficiently be contrall~d. It provides benefits in air

quality studies and process control monitoring.

ii) Description of Prier Art

In air quality monitoring, the sampling

methodology is a critical step where many requirements

must be fulfilled ta assure reliability and ta

optimize precision prior to the laboratory analytical

determination. For many target chemicals, regulations

are applied in the workplace to mitigate potential

health hazards from inhalation. Again, Many chemicals

are alse regulated in the environment considering

their local or global effects. For an industrial

hygienist or an environmentalist, active metheds of

ambient air sampling are mostly used such as sampling

pumps and sorbent tubes, ta characterize the risk

and/or to verify compliance.

At present, active sampling devic~..? consist of
~

cumbersome and expensive equipment that can

efficiently collect at best only 24-hour integrated

samp~es. with these existing methodo~ogies, the
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sampling duration is limited by technological

considerations for the achievement of low and precise

flow rate. Sample size is aiso reduced when the

investment in equipment required for an extensive

field study i5 considered.

In the case of gaseous contaminants such as

organic vapors, all present sampling Methodologies

have an upper integrative time boundary. ~ccording to

the 5ampling principles applied in.l:' workplace
1

monitoring employing sorbent cartridges, it is still

difficult to adequately characterize the nature of

mean exposures. Such methods require that enough air

be collected at a definite flow rate ta assure the

validity of Iaboratory analysis (adequate arnount of

trapped analytes vs analytical limits.of detection).

In arder ta simplify the sampling procedures and

lower the cast of air quality studjes, passive

techniques have been developed but they lacl{ either

precision or versatility. For the measurement of

volatile organic compounds in air, a sampling

procedure has been develaped recently by the U.S.

Environmental Protect.ive Agency using a pre-evacuated

stainless steel vessel or Summa (Trade Mark) canister

as a whale air sampler. With thi5 new sampling

procedure integrated subpressurized samples can be

collected passively using critical orifices as an

inlet mechanical flow controller. This type of flow

controller acts as a point restriction for the entry

of air or gas sample, and the low flow rates obtained

are principally a function of the orifice size.

However, the average sampling time cannat exceed a few

hours because of physical limitations of the orifice

size. l'

\"
In the development of an overall strategy of

sample col~ection, temporal and spatial considerations

are of prime importance. It is necessary to adapt
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sampling strategies which recognize the inherent

statistical nature of assessing air quality.

Considering the environmental variability observed in

ambient air levels, combined with the chronic or the

carcinogenic effects associated with exposure ta some

chemicals, long-term average concentration pravides

meaningful information in terms of risk analysis.

Toxicologically, it has been suggested that

sampling duratian should be adapted ta represent the
human uptake, distribution and elimination kinetics of

these harmful substances sa that exposure measurements

can be related ta the total body burden. For many of

the taxie chemicals such as volatiie arganic chemicals

1 (VOCs), rates of elimination support the use of

longer sampling time. Long term integrated sampling

can pravide a better estimate of the absorbed dose,

and correlations between exposure assessment and

health effects can be improved.

statistically, it has been shawn that standard

deviatians calculated for airborne cantaminants data

collected in one location, or for a class' of workers,

will be a function of averaging times. The

distribution of Mean long term integrated measurements

has a smaller variance. When comparing workers Mean

exposure, this observation is very important in

testing for compliance. It means that less data would

be required to observe statistically significant

differences based on legal standards or threshold

limit values (TLVs) defined for the workplace. This

effect of averaging time on the distribution of air

quality measurements aiso has the same mathematical

importance in data handling when environmental levels

need ta he established to determine globa~ trends.

Based on a legal standpoint, definitions are also

in favor of increasing the sampling duration

worldwide. For environmental protection, Many
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guidelines are defined as mean levels not to be

exceeded over periods of weeks, menths or a year. In a

workp~ace, the limits established by the American

Conference of Gevernmental Industrial Hygienists

(ACGIH) correspond ta norma~ 8-heur workday and a 40­

heur workweek. Under many regulations, arguments

support the application of devices which could
evaluate airbarne contaminants over an extended period

of time.

The use of long term monïtoring has been

justified according to toxicological, statistical and

legal criteria. For the benefit of air quality

studies, it was shawn that actual Methodologies should

be improved ta overcome present drawbacks. Better

sampling methods cara aiso find application in solving

engineering problems.
In process control, it is sometimes necessary ta

perform routine monitoring when direct on-line

readings systems are not available. Indirect

collection of process gases or emissions at the source

is then required. For these purposes, the present

Methodologies have the same sampling time limitations

as those found in air quality monitoring. For example,

in fluctuating processes such as organic vapors

biofilters and scrubbers, it is only possible ta

estimate the global performance of these gas treatment

technologies with a repeated number of short time

(hours) samples taken over a. significant period

(months) of operation. The overall yield is difficult

ta define. Long term sampling at the inlet and outlet

of such technologies can improve the estimation of

performance.

SUMMARY OF THE INVENTION

It is an abject of this invention ta provide a

sampling assembly for the time integrated passive

collection of a gas or ambient air.
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abject of this invention to

time integrated sampling of a

(

(

It is a still further object of this invention to

provide a sampling flow controller for time integrated

flow of gas or ambient air.

In accordance with one aspect of the

invention there is provided a sampling. a~ssmbly for

the time integrated passive collection Qf a gas or

ambient air comprising a sample vessel having a

negative atmosphere, said vessel having agas inlet

and being operatively connected to a sampling flow

controller comprising an elongated capil1ary tube

having an inlet port and an outlet port wi th agas

flow passage therebetween, said outlet port

communicating with the vessel, saia capillary tube

having a length and an internaI diameter selected such

as to provide flow control of gas or ambient air at

said gas inlet of the vessel.

In accordance with another aspect of the

invention there is provided a process of time

integrated sampling for the analysis of agas

comprising the steps of: introducing agas sample at a

substantially constant flow rate into an evacuated

vessel along an elongated capillary tube having an

inlet port and an outlet port with a flow passage

therebetween, including selecting sa~d capillary tube

to be of a specified length and internaI diameter te

provide flow control at said outlet port and a

predetermined sampling duration.

In accordance with another aspect of the

invention there is provided a sampling flow contraller

for time integrated flow of gas or ambiant air during
~

collection comprising, in cambination: an elongated

capillary tube having an inlet port and an outlet port

with agas flow passage therebetween, means for
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communicating said outlet port with a sample vessel

adapted to be held under a negative pressure, and a

filter operatively connected to said inlet port for

prevention of entry of particulate matter into said

flow passage, said capillary tube having a Iength and

an internaI diameter selected such as to provide flow

control of gas or ambient air at said outlet port.

DESCRIPTION OF PREFERRED EMBODIMENTS

This invention principally addressesiproblems of

versatility in time integration sampling that are

encountered when monitoring ambient-air and gas.

The invention thus relates ta an improvement in

the process of time integrated sampling or monitoring

for the analysis of air and gas chemistries. In the

process the gas sample is introduced at a

substantially constant sampling flow rate into an

evacuated vessel, for example, using a critical

orifice, or in a trapping media.

The improvement in said steps relates to the use

of a substantially constant flow rate using the

driving force of an evacuated vessel connected to a

capillary tube of a specified geometry, acting as an

inlet controlleri providing any desired sampling

duratian by the selection of appropriate geometry

(length and internaI diameter) of the capillary tube.

The selection of the geometry of the capillary tube

for sampling duration and evacuated vessel size is

developed from calculations using mathematical

equations based on a phenomenological model.

The sampling flow controller comprises a designed

inlet geometry of capillary tube which is connected to

an evacuated vessel. Suitably a pressure measuring or

reading device is installed between \he evacuated

vessel and the capil1ary. The sampling flow

controller suitably has a filter installed at the

inlet port of the capi1lary tube. This filter is
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operatively connected at the inlet port and prevents

entry of particulate matter inta the flow passage.

The capillary sampling flow controller may also
suitably include a trapping material inside a holding

material connected between the capillary tube and the

evacuated vessel. The sampling flow controller may

conveniently have a wider internaI diameter at the

outlet port connected at the gas inlet of the vessel.
. .

Samples collected with the capilla~y sampling

flow control1er can he analyzed for various air

contaminants to provide mean leveis over the selected

integrated time.

More especially the geometry of the

capillary tube is such that wherein the length and

internaI diameter are selected in accordance with the

relationship

K. R 4
,

L= ft

lr-
~

(e '- l )

wherein

L is the length of the capillary in meters,

R is the internaI radius of the capillary in meters,

Vf final sample volume in cubic meters,

t is the time in seconds, and

KS and K6 are constants for the system in which

p_ VVK - .•IIt S

~ lllT

and
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K _ ltRT
6 8 VV

f.1 J

wherein

Patm is atmospheric pressure (Pa)

V is the molar volume (m3/mole)

IR is the gas constant (N. rn/mol. k >.
T is the temperature (OK), and

Vs is the volume of the vessel.

Thus the length and internaI diameter of the

capillary tube are selected employing mathematical

equations derived from a phenomenological model.

In particular embodiments the volume of the

sampling vessel will typically be fram 50 ml te 50,000

ml, the capillary tube will have a length ranging from

5 cm to 500 cm and the related internal diameter af

the capillary tube ranges fram 0.05 mm ta 0.53 mm, but

small diameter tubes may be employed pravided the

required relationship with the length is observed.

In one particular embodiment the capillary tube

is enclosed within a protective housing which May

contain protective packing material which absorbs

vibrations and prevents breakage of the tube during

transportation or handling.

In a further particular embodiment the assembly

is formed as a portable unit design ta be mounted on a

support, accessing a garment of a persan. In such

case the assembly includes maunting elements for

mounting the vessel on a support which is adapted to

be warn by a persan, far example, a belt or shoulder

harness. The vessel is then of a size and weight

suitable for being carried from place tolV.place by the

person while maunted on the support. Such portab~e

unit also inc~udes mounting elements for mounting the

inlet port of the tube adjacent the breathing zone of
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the persan, i.e., the atmosphere adjacent the nase and

mouth of the persan _ The inlet port might, for

example, be mounted at the collar of a garment worn by

the persan, or from headgear worn by the persan.

BRIEF DESCRIPTION OF THE DRAWINGS

Having thus generally described the nature of the

invention, reference will be made to the accampanying

drawings, showing by way of illustration, a preferred

embodiment thereof, and in which:

Fig. l is a schematic view of an emhodiment of

the present invention;

Fig. 2 is a schernatic view of an embodiment of

the present invention used for stationary sarnplingi

Fig. 3 is a schematic vi.ew of an embodiment of

the present invention used for personal samplingi

Figs. 4a, 4b and 4c are graphs showing predicted

design parameters of capillary flow based on present

embodimenti

Fig. 5 is a graph showing a prediction of

capillary length for long term samplingi

Fig. 6 is a graph showing the results from

experiments using a selected length of capillary;

Fig. 7 is a graph showing a linear approximation

over a 24-hour period of sampling by the present

invention;

relationship

the passive

the present

the

and

by

Fig_ 8 is a graph showing

between the length of capillary

sampling flow rates delivered

invention;

Fig. 9 i5 a graph showing experimental results

where linear regressions were made to study the

influence of final sampled volume on the flow rate

given by the present invention;

Fig _ 10 is a schematic view of 'Va laboratory

system used ta analyze gas samples collected using the

present invention;

(
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Fig. Il is a schematic view of

devices required prior ta the analysis of

Fig. 12 is a schematic view of

system used to condition the sampling

with the present embodiment;

Fig. 13 is a graph showing the relationship

between the leveis of air po1.lutants de1.ivered and

collected using the invention;

Fig. 14 is a view of a chromatogram obtained from

the ana1.ysis of a gas standard mixture taken using the

present invention;

Fig. 15 is a graph showing the theoretica1. effect

of molecular diffusion on the separation of chemicals

and the validity of sampling using the present

invention;

Fig. 16 is another graph showing the theoretical

behavior of the present invention concerning the

separation of chemicalsi

Fig. 17 is a view of a chroma~ogram obtained from

an experiment on molecu1.ar diffusion which

demonstrates the efficacy of the invention, and

Fig. 18 is a view of a chromatogram obtained from

the analysis of a field sample taken using the

present invention.

DESCRIPTION OF PREFERRED EMBODDMENT5
WITH REFERENCE Ta THE DRAWINGS

The sampling vessel can be made· of any material

able to support a high vacuum, for example,

deactivated fused silica, stainless steel, aluminum,

gl.ass, Teflon (Trade Mar]() , metallic alloys and

polymerie materials and can be of various sizes or

shapes. The improvement of the invention comprises a

eapillary sampling flow controller (CSFÇ) assembled

with specifie dimensions in length and internaI

diameter of the capillary tube ta deliver the

appropriate flow rate during a designated period of

time.
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The CSFC is a sampling train basically made of

two components: a pressure gauge or transducer te

monitor and control the time integrative sampling

process and more importantly, a capillary tube of

appropriate dimensions. An inlet filter prevents the

entry of particulate matter.

Fig.· l illu5trates a time integrated passive

ambient air sampler assembly using the CSF~~
, 1

With reference ta Fig. l a sampling assembly 10

includes a sampling vessel 12 and a sample flow

contraiier 14. 5ample flow controller 14 includes an

elongate capillary tube 16, a pressure gauge 18 and a

fiiter 20.

Vessel 12 has an interior reservoir 22 and a

needle valve 24.

A Summa canister ( available from Graseby­

Anderson, Atlanta, U.S.A.) is a stainless steel vessel

in which the internaI surfaces have been passivated

employing an electro polishing step with chemical

deactivation to produce a surface which i5 chemically

inert.

which

port

An

port at

outlet

vessel

an

of

inletan

and

inlet

tube 16 has

with agas

is connected

Capill.ary

fi1.ter 20

In particular, vessel 12 may be a l liter Summa

passivated canister with a ~stainless steel needle

valve (with Swagelok8 fittings). The pressure gauge 18

is connected on-line between the sampling vessel 12

and the capillary tube 16 using appropriate leak free

fittings. The capillary tube 16 such as a deactivated

fused silica column, i5 connected between the pressure

gauge 18 and the filter 20 with Swagelok8 connectors

and graphite-vespel ferules. In a particular embodi­

ment filter 20 consists of a stainless steel frit of

0.5 ~m porosity inside a body with ~ or 1/8 Swageloke
'~

communicating

connectors.(
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elongate flow passage extends between the inlet port

and the outlet port.

In a particular embodiment, the capillary tube 16

is a deactivated fused silica column of 0.4 mm outside

diameter and pressure gauge 18 is capable of

monitoring gas pressure fram -30 Hg ta 30 psi.

Fig. 2 illustrates the capi1.1ary sampling flow

controller as a stand-alone unit 30. Unit 30

comprises a sample fl.ow control.ler : 32 with a

connection element 42 for connection to a sampling

vessel.

Sample flaw contro1.ler 32 includes an elongate

capillary tube 34, a pressure gauge 36 and a filter

38.

Elongate capi1.lary tube 34 i5 housed in a

protecting shield 40.

A fitting 44 interconnects pressure gauge 36,

connection element 42 and fitting 46 which cannect5 to

a fitting sa at the outlet port of tube 34. Fitting

48 connects filter 38 at the inlet port of tube 34.

In one embodiment fitting 48 is a 0.25" Swage1.ok;

fitting 46 is a 0.0625 ta 0.25" Swagelok reduceri

fitting 44 is 0.25-0.25 Swagelok union; fitting 50 is

a 0.125 ft - a. 4 mm graphite-vespel ferrule; fil ter 38 is

as for filter 20 in Fig. 1; tube 34 is a deactivated

fused silica tube; shield 40 is a cylindrical

enclosure 50 mm outside diameter; and pressure gauge

36 is a bourdon tube device 0.25" NPT -30" Hg ta 30

psi. Here, the appropriate geometry of capillary tube

34 is enclosed in the pratecting shield 40. This

shield 40 is attached on the Swagelok® reducer

fittings which jain the capillary tube 34 between the

filter 38 and the appropriate connec~ion ta the

pressure gauge 36 or to the evacuated vessel. The

protecting shield 40 can be machined from stainless

steel and welded ta the fittings. This protective
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shield or casing 40 can then be filled with any

packing materials that will absorb vibrations and

prevent the capillary tube from breaking during

transportation or handling. The capillary tube 34 can

also be incorporated into a plastic material using

epoxy, polyacrylie or other polymerie resins. This

latter type of protecting shield is cast using resin

transfer molding directly on the capillary tube 34 and

fittings whieh are installed in an appropriate mold.

Fig. 3 shows a schematic configuration of a

portable personal sampler for gaseous contaminant

using the CSFC.

With further reference ta Fig. 3 a portable

sampling device 60 ineludes a sampling vessel 62 and a

sample flow controller 64.

Sample flow controller 64 includes an elongate

capillary tube 66, and a sampling line 67. A filter

68 is connected ta an iniet port of sampling line 67,

and sampling line 67 has an autlet port connected te

an inlet port of· tube 66; tube 66 is housed in a

protective housing 70.

Vessel 62 has mounting

shawn) ta mount vessel 62 on

and filter 68 has mounting

shawn) to mount filter 68 on

warn by the persan.

Basically, this sampling device 60 is similar te

those Shown in Figs. land 2. Howevér, the evacuated

vessel 62 is small enough (less than 200 ml) te be

carried on a belt worn by a person. This sampling

train does not include a pressure gauge because of

size limitations but may include a pressure

indicatar/sensar. The inlet filter 68 is attached to

the person's caIlar ta collect breathihg zone air

samples. The sampling line 67 preferably made of

Teflon (Trade MarJt) tubing (00 1/16", ID O.3mm)
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connects the sampler maintained at the belt to the

fi1ter 68 attached near the breathing zone. The CSFC

is designed with the appropriate length of tube 66,

for example, a deactivated fused silica tubing having

an internaI diameter less than O.3mm. Tube 66 is

enclosed inside protecting housing 70 or shield 70.

Capillary tubes of O.OSmm, O.lOmm and O.lBmm internal

diameter are cornmercially available and offer the

selection of any sampling time. Multi cap~llary tubing

is al.so avail.able and may be used al.ternatively. The

design of CSFC applied either for persanal monitoring

or stationary sampling is always based on the same

principles. The configuration of samplers can be

adapted to meet specifie requirements.

Once assembled, the passive sampling unit made

with the CFSC connected to an evacuated sampling

vessel has te be tested for leaJts. For that purpose, a

cap is installed on the entry of. air in the system,

i. e. the fil ter. By opening the valve, the pressure

gauge should read the low pressui:"e inside the vessel

and if the system is airtight, this vacuum will he

maintained. An overnight check using this procedure is

recornmended. More sophisticated procedures can also be

implemented using sensitive gas detectors when the
sampling train is pressurized in close-circuit _ This

can provide a faster verification and certification of

the sampling system.

With this invention, the pressure gradient

between ambient air or process gases and the evacuated

sampling vessel, acts as the driving force. Because

motion can he controlled with the appropriate geometry

of inlet restrictive capillary column, the system

de.livers a precise air sampling flow rate and hence,
-\.

time integrated air samples can he collected. Sampling

becomes completely passive, independent of any power

requirement. The monitoring of air quality or process



(

(

(

- 16-

gases using this invention becomes fairly simple. The

only operation steps consist in opening the valve

(manually or automatically) at the beginning of the

sampling period and closing it after the selected

duration. To abtain a constant flow rate over the

integrated sampling period, desirably the vessel

should only be filled to approximately 40% to 60-65%

of its total volume. If this is exeeeded, the flow

rate starts te decrease, the driving' force being

insufficient. Compared ta systems employing the

critical orifice inlet restriction, the capillary

sampling flow controller can caver any time periods

desired, and it can provide a much lower flow rate.

Instead of being a point restriction, it offers a

fully eharaeterized line restriction.

RESULTS

The volumetrie flow rate between the inlets of a

pipe is related ta the pressure gradient, the

viscosity of the fluid and the pipe dimensions when a

laminar flow of a Newtonian fluid is established.

Also, many gas matrices including air normally behave

as a perfect gas, .and relatianships between pressure,

volume, molar concentration and temperature are we~l

established in these situations. In arder ta

characterize and predict the passive sampling pracess

abtained with the CSFC prototype, a phenomeno~ogi.cal

model was developed after stating simplifying

assumptions. It was developed from two different known

equations that were modified and adapted ta correlate

the long term sampling process that is observed with

the CSFC. The first relationship is based on fluid

mechanics: the Hagen-Poiseuille equation. The other

relationship is based on a fundamental gas kinetic

equation: the ideal gas law. Tc \present the

mathematical model deve~oped to design a CSFC, a

description of how these two re1.ationships were used



(
- 17 -

and which hypothesis were stated is given here:

The Hagen-Poiseuille relationship applies ta a

laminar flaw of fluids in circu~ar tubes. The

develapment starts

volume element: a

balance where forces

pressure and gravity

with a mamentum balance using a

cylindrical shell. The momentum

fram friction + cornpressibility +

= 0 was stated as:

(
The fluid can be assumed ta be incompressible

(i.e. the velocity is constant over the length of the

tube), only the friction and the pressure component

forces are cons idered. Then, talting the limitas dr

goes ta zero, this gives:

(2)

This expression can be written as:

(

(3)

In arder ta integrate the equation, the
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appropriate boundary conditions (at r=O, the shear

stress is nat ta be infinite) were stated ta obtain

this solution:

,(4)

Then, use the Newton law of viscosi ty for this

situation:

(

dv
't" =-J.L-t

Tt dr
(5)

Cornbining the equation ( 4) and the Newton law,

this gives the following differential equation for the

velocity:

(6)

{

The integration, using another boundary condition

where the velocity is null at the fluid-solid

interface (i.e. vz=O at r=R) will result in the

velocity distribution which gives:
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(7)

(

This expression indicates that the velocity

distribution for laminar flow of incompressible fluids

is parabolic. From this expression, we can obtain

another equation such as the average velocity:

2rr.R

f fVlrdrdO
(Po-PJR2

<v ..>
o 0 (8)
2xR 8llL
f [rdrdO
o 0

From the average velocity equation, we can obtain

the volumetrie flow rate which is the praduct of the

cross sectional area of the cylinder (1tR2) by the

average velocity as defined in equation (8). This is a

rather famous result which was called the Hagen­

Poiseuille law in hanour af the two scientists who

deriveà the formulation araund 1840:

(9)

( Among assumptions that relate ta this equation,

first the tube should he long enough, 50 that end

effects can be neglected. This relationship a1sa

applies only ta laminar flow (i.e. Reynold number less
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than 2100) and Newtonian fluids. The fluid should

behave like a continuum this assumption is

theoretically nct valid for very dilute gases or very

narrow capillary tubes, in which the molecular mean

free path can be higher than the tube diameter and

where we observe a slip flow or free molecular fl.ow

regimes. Finally, since the Hagen-Poiseuille equation

is valid under steady-state, the flow should be time

independent.

This mathematieal development {fram equatian (l>

ta equation (9)} was develaped long ago and was

described elsewhere. In order ta eharaeterize the

behaviour of a CSFC, we have made the assumption that

in a pseudo steady-state system, the volumetrie flow

rate and the internaI sampling vessel pressure should
both be a function of time: the sampling time. Also,

in this process, Po is equal ta atmospheric pressure

(Patm) and internaI pressure of th~ vessel is variable

{pet)}. This gives the fol~owing expression:

1C(Polln -P(t»R~
Q(t)

8~L

(lO)

(

The assumption is made that the air vi.scosity

between the vacuum and ambient pressure remains

constant. Remember that Hagen and Poiseuille also had

to assume that the fluid density remains unchanged,

which is certainly not the case considering the

pressure differences over the CSFC operating range.

Equation (la) is one of the original. mathematical

expressions used te develop the phenomenological model

applied te the design of a CSFC. However, to obt~in

the set of equations, a second relat~onship has to be
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postulated.

In arder to characterize the behaviaur of a CSFC

as ta the relation between the flaw rate and the

internaI pressure, we have started with this

fundamental relation based on kinetic theory of gases

called the ideai gas Iaw re~ationship:

PV=nRT (11)

This equation is restated, considering the

variation of two variab~es which are a function of

samp~ing time (the internaI sampling vessel pressure

and the molar content):

(
P{t) _ ll(t)RT

Vs
(12)

Now, as in the behav iour of a critieal orifiee

when used on evacuated vesseIs, the volumetrie flow

rate remains constant during the time it required ta

fill more than half of the sampler's vo1ume. Therefore

in part of the process the sampled volume is expressed

as:

{

V(t) =JQ(t)dt
o

and if the flow rate

experimentally:

is constant as we

(13)

find
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V(t)=Q<t)t (14)

We finally relate the sampled volume with the

molar content using the mo~ar volume at standard

temperature and pressure. We write:

n(t) = V(t) =Q(t)t
V V (15)

Taking this expression and replacing in equation

( 12 ), we obtain:

(
P(t) - RTQ(t)t

VsV
(16)

(

This last relationship 15 the second equation

used ta derive the phenomenological model developed te

predict the geometry of a capillary column for the

design of a novel flow controller: the capil1ary

sampling flow controller.

The model was derived by resolving equation (10)

and equation (16) in which one of the two unknown

variables {P(t), Q(t>J can be removed ta obtain a

single equation. By the elimination of the internal

pressure time function (P(t)}, we have obtained an

expression of the volumetrie flow rate (Q(t)} which i5

a function of the sampling time (t). We have expressed

this equation with two constants (Kl, K2) which have

no physical meaning. This relationship i5:
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(
K

Q(t) = 1 (17)
l +K,.t

where

8J.1L
(18)

(19)

(

(

Again, using the same two equations we have

obtained the pressure variable (P(t)} as a function of

the sampling time by here, removing the flow rate

variable. Again, tvlO constants were defined (K3, K4)

and this expression is:

KP t
P(t)- '3 atm (20)

K4 -K3t

wherc:

K')-
ltRTR4

(21)
V

K4 =8J.1 V~ (22)

Finally, to compute the samp1ed volume variations

versus the sampling time, we have integrated the f~ow

rate expression {equation (17),(lS),(19)}:
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t t K
Ver) =fQ(t)dt=f 1

o 0 l+K2!

(23)

Resolving this equation, we have defined two

other arbitrary constants (KS, K6) and obtained a

solution for the sampled volume as a function of time

integration {V(t)}:

( KR4-
(24)V(r)=Ksln(l +_6-c)

L

where:

K=
PatrnVsV (25)

s RT

K6
1tIlT

(26)
81-1 VsV

(

Finally, we have defined a value of V(t) equal ta

the final sampled volume (Vf) which should be between

0.5 and o. 7 of the sampler volume (Vs). Then, we

obtained an expression of inlet restriction length of

capillary CL) as a function of the sampling time (t).

This relationship can be used te design a CSFC,
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considering a specified internaI diameter of capillary

column. This final relationship is:

L (21)

L

n

nCt}

Po

PL

( ~atm

pet)

Q(t)

r

R

IR

t

T

V

V(t}

Vf

Vs

Vs
z

(

Notations:

Length of inlet restrictive deactivated fused

silica capillary column (m)

Number of moles (mole)

Molar content time function (mole)

Inlet pressure inside capillary (Pa)

Outlet pressure inside capillary (Pa)

Atmospheric pressure (Pa)

Sampling pressure time function (Pa)

Volumetr ic sampling flow x:.ate time function

(m3 /s)

Radial distance in cylindrical coordinate (m)

InternaI radius of restrictive deactivated fused

silica capillary column (m)

Gas constant- (N • rn/mole· K)

Integrated sampling time (sec)

Temperature (QK)

Molar volume (m3 /mole)

Sampled volume time function (m3 )

Final sampled volume (m3 )

Canister sampler volume (m3 )

Velocity of fluid in longitudinal direction (mis)

Longitudinal distance in cylindrical coordinate

(m)

5ymbols:

8 Angle in cylindrical coordinate (radian)

"rz Shear stress (N/m2 )
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P Fluid density (kg/m3 )

1t 3.14159 ...

~ Viscosity of air (poise)

This mode1 was developed te estimate the geometry

of the capillary in arder ta abtain a desired sampling

time, whatever the sampIer·s volume. It does nct

characterize the velocity profile along the capi~lary.

From these considerations, the model predicts the

samp1ing behavior for any size of evacuated samplinq

vesseis such as Summa canisters, and estimate CSFC

characteristics (internaI diameter and length of

capillary column) for a desired sampling period. Figs.

4a, 4b and 4c shows predicted design parameters cf the

capillary flow control1er based on this model, when a

1 liter sampling vessel i5 used ta collect 500 ml of

sampled air (half-volume subpressurized samples). It

can be seen that capillary internal diameter

drastically affects the samp1ing time. Internal

diameter greater than 0.25 mm would require very long

length of capillary te restrict the flow and obtain

sampling duration exceeding a few hours. However, the

smallest internaI diameter simulated <i.e O.OS mm)

cffers wide passive integrated sampling times without

us ing long lengths of capillary ( i. e. approximately

4.5 meters of column for a samp1e duration of 30 days

with a one liter vessel). These simulations can

easily be performed with other sizes of sampling

vessel and other interna1 diameters of capillary lines

using the original model. Also the atmospheric

pressure used in the model can be replaced by other

inlet pressure when applied inside special locations

(positive or negative pressure chambers) or for

process monitoring.

An investigation was made of the impact of

sampler size (internai volume of vessel) on the design

of CSFC using a 0.05 mm ID capillary. Simulations were



(

(

(

· .
- 27-

performed ta evaluate the lengths of capillary ta

achieve different sampl.ing times with different

sampling vessel sizes. For samplers ranging fram 100

ml to 40 liters, Fig. 5 illustrates the predicted

Iength of capillary (from a ta 200 cm) that a CSFC

would need ta integrate sampling time from 8 hours to

one month. As the size of the sampler increases, the

length of capillary rapidly decreases up ta a point

where variations in Iength can have an important

effect on sampling time. In fact, these data show that

short eapillary tube (less than 5 cm) used to obtain

specifie sampling times is less accurate and this

observation was aiso verified experimentally. This

means that when bigger vessels (>5 liters) or short

sampling time «40 hours) are required, a capillary

tube with larger internaI diameter shauld be used in

the design.

The thearetical effect of temperature affecting

viscosity and molar vol.ume was aiso simulated for a

specifie CSFC unit. The Sutherland's rel.ationship was

used ta compute values of viscosity at different

temperature. The predictive results showed the minor

impact of ambient temperature on the overall sampling

time and on the functioning of the invention. The

shape and material of bath vessel and capi.llary have

no impact on flow control process. The major

controlling factor is the total length of a specified

internaI diameter of capillary column or capillary

tubing.
Many studies were performed to evaluate the

performance of this invention. Investigation with

different sizes of gas collection vessels using CSFC

prototypes assembled with different lengths of fused

silica capillary columns of 0.05 mm internaI diameter

were conducted te characterize the long-term sampling

behavior. Generally, the mathematical model was shawn
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to give good approximations for the appropriate

geometry of capillaries. Results fram experiments

using predicted length (0.115 meter) of the capillary

tube and internaI diameter of 0.25 cm are presented in

Fig. 6. for a temperature of 25°C and an in~et

pressure of l atm. The sampled volume (data points)

are based on pressure readings taken during time

interva~s. Two different readings are reported: one

obtained from an electronic pressure transducer,

others taken from a simple mechanical pressure gauge

(Bourdon type). These data along with predicted

pressure function were transformed into sampled volume

using perfect gas law relations (Fig. 6, left axis).

The pressure behavior which served ta derive the

predicted sampled volume was comp~ted from equations

( 20 ) , ( 21) and (22).

Flow rate predi.ctions fram model simulations are

also reparted on this graph (Fig. 6, right axis) and

they were calculated from equatians (17), (18) and

(19). The CSFC was able ta extend the duration of

sampling 500 ml of ambient air for 24 haurs. During

this period, a linear relationship between sampled

volume and time can be observed. The model prediction

could very well estimate the time integration

capability of this prototype although it does nct

reproduce entirely the experimental findings. In arder

ta approximate the sampling flow rate during the first

24 heurs, the data obtained was linearized from the

prototypes and from the predictive model. These

results are found in Fig. 7, for a Q.115m length, 0.05

mm diameter and l liter volume. Fig. 7 shows that the

CSFC can easily deliver a constant sampling flow rate

(between 0.23 ml/min to 0.35 ml/min) to col.lect an

integrated passive sample of ambient air over its

operating range. In fact, the model predicts a

saturation process and hence, a l.ess constant flow
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rate than v/hat is observed experimentally. The

regression coefficients (r2 ) was higher in experiments

(0.997> campared with those obtained fram the
theoretical relatianship (0.978 for a slape of 0 _27

ml/min>. These experimental results demonstrate the

validity of time integration properties gained with

the CSFC. The small flow rate variation observed

between prototypes can be explained by the differences

in initial vacuum between samplers, or by calibration

errors in pressure measuring devices. This has

negligible effects on the linearity of sampled volume

during the passive process.

Similar experiments were repeated to verify other

integrated sampling times using Many sizes of sampling

vessel. These studies were accomplished ta demonstrate

the versatility of the CSFC and validate si.mulation

results. Until now, the sarne effects have been

observed: a constant flow rate can be achieved, until

the internaI pressure inside the vessel reaches a

value between 0.5 ta 0.65 atm. Using different lengths

of deactivated fused silica capillary having a 0.05 mm

internaI diameter, the performance of this new

mechanical flow controller was tested ta estimate

volumetrie flow rates. Experiments were conducted

using CSFC prototypes connected with vessels having

sizes of O.li O.Si 1 and 6 liters. A rectangular

vessel machined from stainless steel having 150 ml

volume (as schematical~y i~lustrated in Fig. 3) which

can be applied for personal monitoring was also

tested. From the data obtained, the experimental flow

rate was calculated using linear regressions. These

results are presented in Fig. 8 for a capillary tube

of 0.05 mm diameter. The volumetrie flaw rates

delivered by the CSFC given the capillary lengths are

compared with the predicted relationship obtained from

the model. The data points derived from individual
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experiments using various configurations of gas

samplers follow closely the curve calculated from the

model using theoreticaJ. considerations. In order to

investigate in more detai! the effect of the final

sampJ.ed volume on the consisteney of the volumetrie

f10w rate offered by the CSFC, linear regression were

made whether 40%, 50%, 60% or 70% of the sampler size

was collected. These resuJ.ts are illustrated in Fig.

9. This experiment was made in a l.aboratary using a

500 ml Summa canister, a tube 1ength of 1.25 m and

diameter of o. OS mm, a temperature of 25 oc and inlet

pressure of l atm. and data were taken aver more than

three weeks. Fig. 9 shows that when more than 60% ta

65% of the vessel is filled with the gas sample, the

pressure gradient is not suffie~e~t ta deliver a

precise passive constant sampling flow rate.

Otherwise, when such low flaw rates are achieved, the

operating range of this mechanical control1er ean

pravide very broad integrated sampling times, in this

case ranging from 7 ta almast 14 days. Table 1

summarize the results ealcu1ated fram this analysis.

Regression coefficients which are related te the

precision of the sampling rate were over 99% during a

large interval of time. Volumetrie flaw rate was

maintained at O.018±0.OOl ml/min over a long

integrated sampling time. This partieular

configuration of passive sampler which required a CSFC

designed with 1.25 meters of capillary having an

internaI diameter of 0.05 mm was develaped ta he

applied inside the Russian orbital station Mir.
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Tab~e -~-

final samp~ed :integrated vo~umetric corre~ation

volume sampling samp~ing coeffici.ent

duration flow rate <r2 )

(ml) ( %) (day) (ml/min) %

200 40 7 0.019 99.6

250 50 la 0.018 99.6

300 60 12 0.017 99.3

350 70 15 0.016 98.9

The behavior or other internaI diameters of

capillary inlet restriction were also investigated.

The predicted 1ength of capi11ary ( ID O. 10 mm) to

obtain a 24 hour integrated sampl.ing time using a 6

liter evacuated vessel was found ta be within 10%

error. The vaIidity of using tw~ different ID of

capi~lary linked together with a vacuum connector was

tested. The purpose was ta verify if a sample could be

collected meters away from the vessel, where access is

restricted and/or hazardous. A 5 meter long capillary

with a wider internaI diameter (ID 0.25 mm) connected

to the appropriate Iength of restrictive capillary (ID

0.05 mm) was used. The wider capi~lary did not

inf~uence the overall time integration controiled by

the smaller diameter capillary. This important result

demonstrates that the CSFC can he used to collect

samples sorne distance away from the samplers.

Experimental results supported by extensive model

simulations proved that the CSFC can effectively be

used for time integrated passive collection of gas and

ambient air with evacuated sampling vesseIs. The

demonstration was principal.ly applied to long-term

samp1ing which is still. impossible using present

methodologies. The CSFC can al.so be used for short

sampl.ing periods. The relationships between the
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geometry of capillary (total Iength and internaI

diameter) with relevant factors including sampling

time and sampler size were established. This mest

valuable set of equations provides the basis ta

estimate CSFC geometry according ta selected samplinq

time and sampler size. Simple experimentatian can

confirm the estimate or provide the information

required ta adj ust preciseIy the Iength of capillary

needed te meet the passive time integrated sampling

period desired.

The capacity of the CSFC te average sampling time

is one of its major attributes. Extended sampling

periods which can be obtained frem the CSFC can

contribute to a better and faster evaluation of Mean

exposure. For example, five daily samples are required

at present to assess worker expèsure te workplace

contaminants over a period of one week. With an

appropriate CSFC, a unique sample taken separately for

eight hours during each working day would estimate

Mean exposure adeq~ately. The sampler would only have

te be opened and closed at the beginning and end of a

work shift. It can aIse be used te sample sporadic

contaminant release episode ta deterrnine the nature of

airbarne chemicals.

Special procedures are required ta analyze

companents of agas matrix collected as subpressurized

samples inside sampling vesseis. For volatile organic

chemicals (VOC) such as aromatic (benzene, toluene,

xylenes, etc) , halogenated (vinyl chlaride, chJ.oro­

ferm, dichleromethane, etc) and other classes of taxie

chemicals, agas chromatograph coupled with a benehtop

mass spectrometer (Ge/MS) may play an important raIe

in the laboratory. These analytical instruments

provide a means ta quantify subppb(v) levels of target

contaminants using predominant ions of full scan mass

spectra, combined with the retention times of signaIs
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acquired from the chromatograms. In most Ge/MS

techniques developed for the analysis of VOC in

ambient air, an injection unit is used to

preconcentrate the VOC prior to the analysis. For this

purpose, cryogenie or sorbent trapping can he used and

normally, special water management procedures such as

sorbent dry purging need te be implemented te

maximize the sensitivity of the mass spectrometer
detector.

Fig. 10 illustrates the analytical system that
was used ta characteri.ze the levels of VOC in the

validation and field studies where gas samples were

co1lected with the contraller.

With further reference ta Fig. 10, an analytical

assembly 100 includes a purge and trap autosampler

103, a flow measurement read-out box· 104, a diaphragm

vacuum pump 106, a mass flaw contraller 108, a purge

and trap describing unit 110, a direct split interface

112, agas chramatograph 114, an autosampler syringe

injector 116, a mass spectrometer detector 118 and a

computer control station 120.

Thus a purge and trap injection device was
modified. One purge 'lessel was bypassed and replaced

by a three-way valve using appropriate tubing and

canneetors ta allaw the injection of gas samples from

vessels. The mass flaw controiler 108 was cannected

between the vent port of this unit and the vacuum pump

106 that is used te pull out the sample into the

serbent trap. Analytes are trapped at constant flow

rate during a known time interval, dry purged,

thermally desorbed and transferred into the gas

chromatograph 114/mass spectrometer 118. In this

system, a direct split interface 112 is used ta

connect the purge and trap injector with the gas

chromatograph 114 . The vessel can be cennected

directly ta the system, and gas samples are handled
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and analyzed for VOC. When the sample does not need

analytical enrichment, a more simple injection device

and analytical detectors can be used. For the analysis

of gases such as carbon dioxide (C02), carbon monoxide

(CO), nitrogen (N2), oxygen (02) and methane (CH4),

sample aliquots can be taken from agas tight syringe

and injected directly to an on-colum~ port of the gas

chromatograph column 114. Simp1er detectors based on

electrical conductivity (ECD> or flame ionization

(FIO) are more appropriate than a mass spectrometer.

With further reference to Fig. Il, there is shawn

a device 130 for sample management prier ta 1aboratory

analysis in which vessel 132 has a syringe adapter 134

and agas tight syringe 136; and a device 138 having

vessel 140 with a pressure transducer 142 and a

calibrated reading box 144.

( Fig. 11 shows the type of devices that are

required before the analysis of the gas samples

collected using the CSFC. First, the controller is

samplingactualtheof

disconnected from the vessel and rep1aced by a syringe

adapter. Gas sarnple can be withdrawn inside agas

tight syringe.

InternaI pressure May be monitered using a

pressure transducer interfaced with a calibrated

reading box as shawn in Fig. 11. This procedure is

required when the vessels need ta be pressurized. With

the analytical system presented in Fig.lO, samples are

best delivered ta the injector if no vacuum existe

Before they are ana1yzed, the samples can be mixed

with purified air 50 that aliquots can be withdrawn

for analysis. This operation dilutes the samples by a

factor between 2 to 4, but with the high resa1ution

obtained fram new analytical systems, this labaratory

dilution does not have a significant effect on the

results obtained.

Compared with many

(
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methodologies, the use of CSFC with evacuated sampling

vessel does not require calibrations and the sampling

procedures are completely independent of any power

source. The CSFC can be reconditioned with purified,

humidified and pressurized (10-20 psi) nitrogen,

helium or air maintained at elevated temperature (100­

250°C) and applied in reverse flow, hence it can be

use more than once. The sampling vesseis can also be

cleaned using a reconditioning system where a source

of humidified cleaned gas or a vacuum can be

delivered. Fig. 12 presents a schematic view of the

type of device that is required ta prepare the

samplinq vessel for field applications and/or

laboratory studies.

With further reference ta Fig.. 12, device 150

includes Summa canisters 152, a v:acuum pulp 154, a

pressure gauge 156 (-30in Hg ta 30 psi), an outlet

filter 158, an inlet filter 160, a humidifying chamber

162 and manual valves 164.

This system is operated by switching the manual

valves 164 ta fill the canisters 152 with pure

humidified gas and then to apply a vacuum given by the

pump 154. These cycling steps are repeated three times

or more and then the canisters 152 are Jtept under
comp1ete vacuum and ready ta be reused.

When similar 1aboratory procedures can be

implemented, the CSFC can provide a simple and precise

method to co~~ect inorganic gases, volatile organic

gases and vapors. As compared with actual sampl.ing

methodologies using sorbent tubes, no solvents are

required ta analyze the passive samp~es collected

using the CSFC.

For different air components such as particulate

or reactive gases, other procedures can eventua~ly be

used. Here, the vessel would be used only to generate

the motion of gas. Before entering the vessel, target
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contaminants would be trapped on appropriate media,

(ex.: filters) instal1ed in Ieak free cartridges

between the CSFC and the source of vacuum. The CSFC

would provide the appropriate flow rate through the

intermediate coilecting devices.

With the CSFC, the monitoring operation i5

simplified ta the extent of opening and closing the

valve on the evacuated vessels. It cao easily be

automated. Campared ta existing methodologies, it does

not require qualified prafessionals ta perform the

sampling tasks.

Validation studies were made ta demonstrate the

reliability of this new atmospheric sampler. An

experiment was performed where a CSFC designed to

sample during 60 hour using a 500 ml evacuated Summa

canister was connected using a Teflon tube directly to

a 6 liter container filled at 5 psi with a standard

gas mixture of 40 VOC each at 100 ppb (v). This gas

mixture was transferred through the CSFC and at the

end of the passive sampling periad, the contents of

bath cylinders were ana1.yzed in the GC/MS. Results

were compared and Fig. 13 shows the relatianship that

was found between the leveis of each VOC whether they

were delivered ta the samp1er or collected over the

1.ong integrated sampling time. Each data point

correspond ta a single chemicai. Globa1.1y, this

experiment was conducted ta prove that the CSFC does

nct introduce any contaminations in the gas

chemistries co11ected for laboratory analysis. Lass of

chemicals or appearance of artifacts could limit its

application. According ta the results presented in

Fig. 13, there is no evidence that the sampling train

generates interferences, considering the overall

errors of the procedures (dilution, analysis). AlI

parts of the CSFC are made of materials (e.g.

deactivated fused silica and stainless steel) known to
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minimize the presence of active sites. Fig. 14

presents the chromatograms fram the Ge/MS analysis of

the standard gas mixture that was collected during

this experiment. The signaIs of every chemical of this

gas matrix was cerrectly identified. No ether

chemicals (artifacts> were found. This static

validation study was able to demonstrate that the

capillary sampling flow controI1er can effectively

collect samples which reproduce the nature of the

atmosphere at the sampling locations.

The use of appropriate geometry of capillaries ta

control the flow rate at such low levels raised a

question concerning possible separation effects inside

the tube. As an analogy, the separation of a

chromatographie calumn can be estimated using the Van

Deemter equation. This relationship expresses the

height equivalent to a theoretical plate which is an

indication of the separation efficiency as a function

of three factors that may influence the retention af

malecules inside a column. This equation is written

as:

nllETP=A 1_ ICV
v:; ~

(28)

(

where HETP is the height equivalent ta a theoretical

plate, A is the factor which represents the eddy

diffus ion, B is the longitudinal molecular diffusion

and C is the mass transfer coefficient in the

stationary phase. In the CSFC, a plain capil1ary

without internal packing or stationary phase is used

sa the factors A and C are not considered. The only

factor which can influence the separation is the axial
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melecular diffusion and based on Einstein 1 s law of

diffusion, equation (28) can be wri~ten as:

2D
IIETP=--!:.

v:

where Oz is the diffusion coefficient for a binary

mixture which is measured in cm2/ s, and V z is the

average longitudinal velocity of molecules in cm/s.

The average velocity was calculated theoretically for

different lengths of 0.05 mm internaI diameter

capillary using the cross-sectional area and the

simulation results of volumetrie flow rate. As an

example, the tabulated diffusion coefficient for a

mixture of air and dichloroethylene (0.1 cm 2 /s) was

used, and values of HETP were computed as a function

of capillary length used in the àesign of CSFC. These

resu1 ts are i1~ustrated in Fig. 15. A linear

relationship between the height equivalent to

theoretical plate and the length of capillary is

predicted based on assumptions and considering the

profile of average velocities of gas samples

These data can aIse be expressed ta show the

relationship between the average velocity and the

HETP. This was done ta compare the results with basie

theory of separation. Fig. 16 shows simulation results

that were performed ta study the va~idity of the

capillary sampling flow contro~ler. Chromatographie

eolumns are often characterized by their number of

(29)
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thearetical plates. This number can be estimated using

the length of column divided by the HETP. Wi.th thi.s

simple equation, calculations were performed and the

number of theoretical plates was found ta be

independent of the length of capillary. Using a

capillary of 0.05 mm in internaI diameter, any· lengths

will introduce approximately 16,750 theoretical plates

of separation for a mixture of ai.r and

dichloroethylene. Normally, GC columns need more than

200,000 plates ta be efficient. From this theoretical

analys is , i t was shown that the level of separation

which could eventually interfere in the sampling of

gas chemistries is relatively low.

In arder ta prove that this effect is small

enough ta have a minor impact on the rel.iabil.ity of

CSFC, an experiment was conducted in the laboratory

using the Ge/MS. The separation column inside the Ge

was repl.aced by l metre of deactivated fused silica

column with 0,05 mm internaI diameter. This capillary

was direct1y connected between the Ge injection port

and the MS ion trap maintained under vacuum. The Ge
flow rate was reduced at atmospheric pressure and the

system was kept isothermal ta reproduce the conditions

encountered on the field when a CSFC is used. A binary

mixture of air and xylene was injected as a pulse te

simulate the entry of agas sample passing through the

contra1Ier and collected inside the sampling vessel.

Fig. 17 presents -the chrematogram that was obtained

from this experiment where l III of thi.s mixture was

injected in the system with agas tight syringe one

minute after the detecter and the acquisition were

started. Rapidly, the mixture arrived at the detector

aver a time interval of less than 5 seconds. Mass

spectra af air (mie 28) was faund te be more

predominant in the beginning of the signal when

compared with the mass spectra of xylene (mie 91)
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which was higher at the end of this peak. As predicted

from theoretical considerations using Van Deemter and

Einstein relationships, a small separation was

observed inside the capillary due te the melecular

diffusion. Howeve~, these phenomena occurred over

perieds of seconds. This separation effect cannat have

any influence on the validity of samples taken using

the CSFC cansidering that sampling duratians are

extended ta minutes, heurs, days or manths.

From every thearetical and experimental vali­

dation study performed up ta date, the reliability and

the applicability of the capillary sampling flow

controller were demonstrated. The CSFC can fulfill

Many needs in air quality monitoring.

Considering the possibilities offered by the

novel flew contraller, different configurations of

CSFC have been used in the field. 21 long term

stationary samples were collected outdoor around a

sanitary landfill during one week periods using 1

litre and 6 litre Summa canisters. These samples were

diluted with ultra pure air and analyzed through gas

chromatography/mass spectrometry (GC/MS) to quantify

low levels of 50 volatile organic cb.emicals. Methane

content was also measured using gas chromato­

graphy/flame ionization detection (GC/FIC) . Field

testings were also conducted to assess the indoor air

quality inside a domestic wastewater and pulp mi~l

treatment plant and in residences. 6 ~itres Summa

canisters were used to sample during periods of one,

two or three weeks. In all of these cases, the

analysis was able ta provide appropriate results which

represent the mean average concentrations of airborne

pallutants integrated over a long durati.on. Fig. 18

shows the chromatogram obtained fram the analysis of

one of these sample using the Ge/MS.

Fina11y, the CSFC is naw being used aboard the
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Russian orbital station Mir as a first trial made by

the US and Russian space agencies ta evaluate this

invention. Ten prototypes designed ta achieve a 7 days

sampling time using 500 ml canister were assembled and

initially tested (see Fig. 9). Four of these units

were launched in Soyuz TM-23 the 21st of February

1996. They are being used inside Mir ta co1.1ect air

samples before and after the doclting with the Priroda

module. Samples will be analyzed in the laboratory

when they return fram space.

The capillary sampling flow control1er represents

an irnprovement in passive monitoring applied ta air

quality, to source characterization or ta process

control. Considering the simplicity and the low cost

of the CSFC, combined with its ability ta control the

sampling period, this invention should find various

other applications. It can be applied in the

monitoring of many types of gas contaminants or gas

components in variaus type of environments.
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WB CLAIM

1. A sampling assemb1y for the time integrated

passive collection of a gas or ambiant air comprising

a sample vessel havi.ng a negative atmosphere, said

vessel having agas inlet and being operatively

connected ta a samp1ing f~ow controller comprising an

el.ongated capil~ary tube having an inlet port and an

out~et port with agas flow passage therebetween, said

outlet port communicating with the vessel, said

capillary tube having a length and an internaI

diameter selected such as ta provide flow control of

gas or ambient air at said gas inlet of the vessel.

2. An assembly according to claim l, wherein

the length and internal diameter ·are selected in

accordance with the relationship

K R~I
L- r.

Jjl

(e K, - 1)

wherein

L is the length of the capillary in meters,

R is the internaI radius of the capillary in meters,

Vf is the final sampled volume in cubic meters,

t is the time in seconds, and

KS and K6 are constants for the system in which

PatmV);
K5= RT

and

---------------



(

(

-43 -

K _ 1tRT
6 8 YVJ.1 s

wherein

Patm is atmospheric pressure (Pa)-
V is the molar volume (m3 /mole>

IR is the gas constant ( N • mlma l • J< )

T is the temperature ( OK) , and

Vs is the volume of the vessel in cubic meter5.

3. An a5sembly according to claim 2, wherein

said sample vessel has a volume of 50 ml ta 50,000 ml,

sa id length ranges from 5 cm ta 5000 Cm and said internal

diameter ranges from 0.05 mm ta 0.53 mm.

4. An assembly according to claim 3, wherein

said inlet port i5 operatively connected ta a filter

adapted te prevent entry of ~articulate matter into

said flow passage, and a pressure measuring device is

operatively connected between said outlet port and

said gas inlet.

according ta claim

is enclosed within a

5. An assembly

said capillary tube

column.

6. An assembly

said capillary tube

housing.

accerding te claim 2, wherein

is a deactivated fused silica

2, wherein

protective

(
7 . An assembly according te claim 6, wherein

said housing contains packing material for absorbing

vibrations and preventing breakage of the tube during

transportation or handling.
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8. An assembl.y according ta cl.aim 2, further

incl.uding mounting means for mounting said vessel on a C;"~C'"..·l.

support adapted ta be warn by a persan, said vesse~ j.J.' "Id.,r
:

being of a size and weight suitable for being carried

by the persan on the support; and means for mounting

the inlet port adjacent the breathing zone of the

person.

9. A process of time integrated sampling for

the analysis of agas comprising the steps of:

introducing a gas samp~e at a substantial~y

constant flow rate into an evacuated vessel along an

elongated capillary tube having an inlet port and an

outlet port with a flow passage therebetween,

including selecting said capil~ary tube ta be of a

specified length and internaI diameter to provide flow

control at said outlet port and a predetermined

sampling duration.

10. A process accarding to claim 9, wherein said

length and internal diameter are selected employing

mathematical equations derived fram a phenamenological

model.

11. A process according to claim 10, wherein the

length and internal diameter are selected in

accordance with the relationship

K R~I
L= r.......P

1:
(e '- 1)

wherein

L is the length of the capillary in meters,
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(
R is the

Vf is the

t is the

KS and 1<6

internaI radius of the capillary in meters,

final sampled volume in cubic meters,

time in seconds, and

are constants for the system in which

(

(

K __P_al_m_V_sV_
s IRT

and

K _ ltRT
6 8 VV

~ s

wherein

Patm 1s atmospheric pressure (Pa)

V is the molar volume (m3/mole)

IR is the gas constant (N.m/mol.k)

T is the temperature (OK), and

Vs is the volume of the vessel (m3 ).

12. A process according to claim 11, wherein

said evacuated vessel has a volume of 50 ml ta 50,000

ml, said length ranges from 5 cm to 5000 cm and said

internaI diameter ranges from 0.05 mm to 0.53 mm.

13 . A pracess according to claim Il, wherein

said inlet port is aperatively connected ta a filter,

and including a step of filtering particulate matter

fram the gas sarnple entering said inlet port te

prevent entry of said particulate matter into said

flow passage, and further including a step of

monitoring pressure of the gas developed in said

vessel, from said gas sample.
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said capillary tube

column.
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according to claim

is a deactivated
~1,

fused
wherein

silica

(

(

15. A proceS5 according to claim 9, wherein said

gas is ambient air.

16. A sampling flow controiler for time

integrated flow of gas or ambient air during

collection comprising, in combination:

an elongated capillary tube having an inlet

port and an outiet pert with agas flow passage

therebetween,

means for communicating said outlet port

with a sample vessel adapted te be held under a

negative pressure, and

a fiiter operatively connected te said inlet

port for prevention of entry of particulate matter

inta said flaw passage,

said capillary tube having a length and an

internaI diarneter selected such as ta provide flow

control of gas or ambient air at said outlet port.

17. A contrailer accerding te claim 16, wherein

the length and internaI diameter are selected in

accerdance with the relationship

K R~t
L= r.,.

~

(e K, - l)

wherein

L is the length of the capillary in meters,

R is the internal radius of the capillary in meters,
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Vf is the final sampled volume in cubic meters,
t is the time in seconds, and

KS and K6 are constants for the system in which

P VVK - film s

S ntT

and

K = 1tIRT
G -

8Jl~V

wherein

Patm is atmospheric pressure (Pa)

V is the molar volume (m3/mole)

lR is the gas constant (N.m/mol.k)
T is the temperature (OK), and

Vs is the volume of the vessel (m3 ).

18 _ A cantroller according ta claim 17, wherein

said length ranges fram 5 cm ta 5000 cm and said

internal diameter ranges fram 0.53 mm.

19. A cantroller accarding ta claim 17, wherein

said capillary tube is enclosed within a protective

hausing containing packing material for absorbing

vibrations and preventing breakage of the tube during

transportation or handling, and including an elongate

sampling line cannecting said inlet port and said

filter.
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20. A cantroller accarding ta claim 17, further

including a pressure measuring device aperatively

cannected ta said outlet port.
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• APPENDIX-2: Calibration curves for VOCs

CaU"''tion Plot Œxt. St.is) FH8UIIII: UIUXLOUP CoPrela'tlan Caef't: 1."
DicJtlOl'Olllltl~ne ea.pau.: 1 of St StaMaN Deuia'ticm: 6.~
(Pull ... al s-pl.) ua (....a't ct Suqtle 1nJ8ct,e4) CLinlLln)

Cali'~t.ian Plot (Ext, SUa) FU....... : UIIIXLOUP Carrela'tIOll eoert: 1._
o.l~ ee.pou": 2 ct St S'taMard Devia-tlcm: 8.325
(Peak AI'e& al Sulpl.) us (AMIua't ct Suqtle InJectM) (Li. ILia)

• 28." 48 .... 68.188 88.888 188._
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• AeeENDIX-2

."

Cqlibrgtipn CU",(S (OT VOQ

CAU.....t.tcm Plot Œxt sUa) FU...... : UIIDCLOIIP Carrel.t.tem c:.aeIt: 8.999
Ui1l!l1 œlor." ~: 3 DE St ~ Devi.t.laa: 6.98'7
(Peak ..... 01 s-pl.) ..~ 01 Sulpl. lajectell) a.l.ILla)

c.U...t.ian PliR Œxt St;4s) Fll..-: UIIDŒAUP Cal"l"el.t.lan CoeCt: 1._
Irlchlorot I......u._ CmIpauaiI: .. or 54 St&1Iàrcl Devl.t.t... : 8.T19
(Peak APea or Saaple) _ ~ or Sulple InJecte4) (LIa ILia)

•
28." ••1188 68.888 ..... ~.888
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• APPENDIX-2 eoPbrqIion çurvCf for VOC..

CaUt.r.t.iGll Plat. Œxt. SUs) FU...... : UIIIXLCIUP Carrela'tton ~t: 1.888
1.1-Dic:Jl1~ Co.pGIIII4: 5 ot 54 S'ta...... levia'tlan: 9.549
(.... RNa GE s..ple) va (Allauat or Sulple InJec:'t,ei) (LlnILln)

CaUIw&'tion .Iot (Ex't S't4Is) FU..... : UIUXLOUP CoPI"cI&'tion Coett: 1.259
Cuolacm Diaulrlà Ca.paImd: 6 or 54 CaUtaloa'tion Pointa: 6
(PeaJc Rrea or Saaple) vs (Allaunt. or Sulple InJecte4) (LinlLbd

•

•
1 1

28....

1

28.818

48....

48.888

68....

68.888

88."

.88."

188.888

1

188.888
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• APPEND/X-2 CglihrqJion çyrv(S for VQC(

CAlibrat:ion Plot: (Ex't SUs) FU......,: UIUXLOUP Correl..t:.ion CoeEt: 8.999
DicJIIGI"OIIIt'tk_ CmIpau"': 7 or 54 Staftll&.rd Deviat:fcm: 14.859
(Peak .... or Sulple) va (AIIaImt or $upIe InJecteeU (LinILin)

C&1i"':Uan Plat (Ex't SUs) Fil : UI'IIXLOUP c.or.elat:ian eoett: 8.999
u.na-l.2-Dic!lloroe'tllene ea.,aa : 8 or 54 St........ Devl..tlon: 18.481
(Peak Area or s-ple) .. (AIlaIwt or Suaple InJecteeU ainlLin)•

•

28.888

28.888

48.'"

48.888

68."

68.888

-88 •..,

88.888

lE....

188.888
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A PeENPIX-" calibrqtjon cu"'ct; for VOç(

CAU....t.lan Pl~ (~SUa) FU...... : UIIIXLOUP CoPr81&t.lon Cael'r: 1.188
1..1-Dlchiaroetllla_ ~: 9 ct 54 St.a..... Devlat.lan: 11.344
(h&k Area or Sallple) us (Allaum or Sallple InJecte4) (LlnILia)

CAli....t.ion Plot. c~ SUa) FlI.....-e: UIIIXLOUP Carl'el&t.lcm Cael't: 8.999
Z.2-DlchlOl"Opa'GP&ne Ca.paan4: 18 or 54 Sta'llÛl"d Devlat.lan: ZZ.S33
CPtMk Are. or Saaple) us CAllaimt or &.aple 11IJecte4) (LI_ILln)

•

•

28.888

28.888

48.888

48.888

68.888

68.888

..-

....,

188."

188.888

252



APPENQIK-'
Cglibration cy""s (nr VQC~

•

CalilaN-ticna Plot (Ext. S1:4a> FU..... : UIIIXLOUP Carrelat.lon Coet'r: 8.999
~l~.. ee..o-n4: 11 or 54 St.a....... Deulat.lon: 7.933
(Peak Area or Surple) va (__nt. or s..ple InJee;ted) (LlnILb.>

CaU....Uan Plcrt CExt Stda) Fil...... : UIIIXLOUP CaIorelat.lan Caef'f: 8.999
ChlCD'Ofona CaIqIounll: 12 al' 54 ~ hul.t.lon: 16.113
(PeU .... of' Sulple) ua (AlIIoant. ot' Saaple In.jectell) (LlnILln)
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• APPEND!X-Z
Cglibrqr;on curvCt (nr VOCiI

C.U"''tlan Plot ~ SUa) FU....... : ","IXLOUP Corrol.'tlan CoeI'r: 8.999
1.1.1-trldI1CJI'GI8t.N_ ~: 13 or 54 Sta....... Devl.'ticm: 15.'-
(Peak ANa ~ s..ple) ua (AIIau1rt or Sulple InJec,:te4J (LlalLlnJ

• 28.1188 48." 68.818 ••888 188."

•

C.U....·Uan Plot (Ext SUs) FU...... : UIIIXLOIIP Carrel.tian eoetf: 8.999
CaJoIMm ~IOI"I" ee.,acand: 14 ~ 54 StaM&zocl "vlatlon: 11.528
(Pe&Jc ANa DE Sa.ple) .. (Allau1l't GE Salepl. InJec:'tMJ (Lb.ILlnJ
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(
APPENQIX-' CalibTarjon cury(~ (or VOCç

(

c.li....~lcm Plot. Œxt SUa) Fil..... : UIUXLOUP Correl.~lan CaeEr: 8.999
.,auc_ ea.paIIiIi&: 15 or 54 S'tA..... Devla~lon: :n.26S
(PwtJc Area CIl ""1.) va (RIIauftt, or Suqtl. IaJecteU (LlnILla)

Cali....~iaa Plat (Ext St«Ia) FU.....: UIUXLOUP CGrfttl.~laa Caert: 8.998
fr'chl~ ea.paa..: 16 or 54 S'taIIMN Devl.tlcm: 9.?IZ
(Peak AI'ea or Sulple) us (AilouRt or $&aple IaJllcteU . (LlaILI.)

{
28.888 48.888 68.... 88." 188.'"
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(
APPEND/X-2 Cg/ib!qAAB cu",(Ç for VOCç

(

C.li....~ian Plat (Ext SUa) Fil~: UI'IIXLOUP Carntl&~lan ~t: 1._
1.2-Dlchlwopto.._ CGIpoG1ICl: 17 of' 54 S'ta..... Devi&~lcm: S.US
(Peak APea or Sulple) ua (Alloant. of Sulple 111.ject.ed) (LlnILlll)

C&lI....~i01l Plat Œxt SUs) FU..... : UIUXLOUP CcII"rel&~lcm Caett: 8.99'9
DI~ e::a..e--: 18 or 54 SA1lId&J'rd Devi.~iaa: 6.9IIt
(Peak ..... oC s..ple) us (__nt or Salqtle InJec't,ecl.) (Ll"ILl1l)....

(

28.888 48.888 68.888 88." 188.888
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(
APPENQŒ-2 Cglibratipn çyrv, .. for VOC..

(

CAlibration Plcrt (J:)rt St;à) FU.....: wnXLOllP CoPrelatla" CGef't: 8.999
.......icJal~ft8 ~: 19 GE 54 S't.a1llllaZ'd De.,ia'tlcm: 13.7'88
(PeUc A:Na or Sallple) va (~ or s..le InJecUi4) (Lln.Lln)

Cali.....tion Plcrt Œx't Sb!a) FU...... : UIUXLOUP Caftoel.tlcm Cael't: 8.999
~l.3-DlcàlGi"GPk'O"_ ~: 28 or 54 S~ Deuia'tlan: 16.72ft
œe.Jc A:I'ea ot s..ple) ..~ ot s..-ple InJectecl) (LinILln)

(

28.... 48.888 68.'" Be.'" ~...,
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(
APPENP/X-2 Cg!ihelllÉOn CHŒ(S (ne VOCç

CaU.....'tlon Plcrt ~ SUs) FU.....: WlIXLOUP Carrela'tion Caerr: 8.999
tol_ ~: 21 of 54 St.aMaN DauJa'tlon: 31.394
(Peak AIoea ~ s.a.l.) .. (AIIaInrt DE Saaple I~) (LlaILi.)

CaU....'tian Plot (kt StcIa) FU....... : UIUXLOUP Coftoela'tlon c.oetr: 8.99&
cls-t.3-Dlchlw'OPH»P6" ~: 2Z ~ 54 S1:abdaN Deuia~lon: 18 ..964
(Peak Rrea DE SuapleJ us (~ DE Sulple lajecte4) (LlaILia)

(
28." 48." 68." 88." u....

{
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(
ApPENPfX-2 CglibTqrion CUTl/(.'r for VOCf

(

(

C&liu-.~lcm Plcrt (kt st.Is) Fil__: UIUXLOUP CorI'ela'tion Caetr: 8.998
1.1.2-Tzolchl~ ea.pau_: Z3 ~ 54 ~ Devla'tlon: 12.559
(Peak ..... Dt s...ple) ua (AIIaIlftt 01 Sulple lujec:1:e4) (Lia ILia)

C&lUa...~icm Plcrt (kt SUs) FU...... : UftIXLOUP Carrela'tioa Caetr: 8.999
1.3-DlchlGl"OPR:opane ea.,a.u.A: 24 01 54 S't&nII.aN Devla'tlon: 12.985
(Peak Area Dt SUaple) ua (-..urt 01 Sulple h •.jec:1:M) (Lift ILia)
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(
APPENDTX-' Ca/ibrarion CUTlICÇ rrr voç~

Cal ila....'tioa Plat (kt SWs) Fil.......,: UI'IIXLOUP Carre la'ticm eaert: 8.998
Di~lar.-'th&.... CmIpauacl: zs or 54 St.&ftl:IAN Deuia~icm: 12.967
(P8aJr Are& or Sulple) vs (-.am GE Sulple laJect,e4) (LinILia)

( 28.'" 48.888 68.... 88." 1B8.M8

(

CaU'bI'a-tioa Plat CExt Std,s) Filenule: UftIXLOUP Conoela'tion Caef't: 8.998
1.2-Di~.... ea...aa-: 26 or 54 Stallllud Devia'ti..: 12.189
(Peak Are& or SUaple) us (-..n't or Saaple la.ject04) (Lin ILia)
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(
APPENDJX_7 Calihrqrion fUneS (or vac..

(

C.li.....~lcm P~ Œxt sUa) FU.,.....,: UIUXLOUP Carroelattoa eoett: 8.99&
TetraclIICll"OlrÜlllle ~: ri of' 54 Staa4aN Devl.tian: 9.76Z
(re.k AI"8a Dt Sulple) vs (AIIIou. of' Suqtle III.jec'tell) (Lin IL1n)

CaU.....tioa Plat (Ext SUa) FU.....,: UIUXLOUP ean..latlcm eoei"t: 8.999
ChIOl'GlMs...... ~: 28 cE 54 St.&...... Devl.~ian: 26.7Iï6
(Peak ... or s..ple) vs (.-a.nrt of' Saaple 111.jec'te4) (LiaILln)

ne BU

(
28.888 48.888 68.888 88.SM 188.888
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(
APPENQ/X-2 Cglihratioa cu"'t'\" (or VQÇ~

(

C.1ibr&~iaa Plot. (EJd SUa) Fil__: .....IXI.OUP earrel.~iOft Coe't: 1.'-
1.1.1.Z-tetrachlG1'08'tJ1a.. ee.,a.... : Z9 of 54 St.ancluod Devia'tlDft: ft.587
(Peak Are& GE Suple> .,. (Alaaft't Dt Sulple htJec1;.ecl> (Ll.. ILln>

CaUUtA'tion Plot. (i:xt S't4Ia) FU...... : UIIIXLOUP Cal"l'el.~lOft Coett: 8.999
EtIIyllws........ ea.pa.m.l: 38 of 54 Staad.ar4 Devi&i:lcm: 48.746
(1'e&Jc APe& of Saaple) ... (-.nrt of" s...ple laJectecl) (LIQILln)

3 ! 8

(
28.888 18." 68.888 88.8) 188.888
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(
APPENPIX-2 Calibration cyrvCr [0,. VOCç

C&li"'~iQ1l Plcrt CEx:t St.cIs) Fil...... : UftIXLOUP Carre la't.ion eoetr: 1.888
_.p-Xyl_ ea."auftll: 31 or 54 St.andarcl Deui.~lon: ••86&
CPeaJc RPe. ~ s..ple) .. CAlilaunt. Dt s..ple Iajectecl) (LlnILb,)

C.U1ar&'t.ion Plat; (Ext, SUa) Fil__: UftDCLOUP CoPtoel.~IG1I CaeEr: 8.99'7
S'typena CaIrpaIaM: 32 or 54 SgMaN "ut.~icna: 57.624
Chak ... or Sulple) us (,....Jrt ~ SouIple 1nJed:e4) (Li,.ILln)

(
28." 48._ 68._ .... lM._

(
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(
APPENQIX.2 CqlihrQlÎon çurv,~ fOr VOC...

(

(

C&1ibPa'tlon Plo't (Ex't SUs) FU : UIUXLOUP Carl-ela~ion eoecr: 8.999
o-Xyl.,. ee.pau : 33 ~ 54 St.aftll&rcl Deviation: 33.283
(Peak ... ot Sulple) us (AllauM or Saaple laJectecI) (LlnILlD)

CaUh...:Uon Plo't (Ex't SUs) Fil.......,: UIUXLOUP r.arioela'tion eaetr: 8.99&
&ra.afDl"l' Callpaxand: 34 r:4 54 St.&ad&N Deviation: 13.384
(Peak A:rea or Sulple) va (Allaun't or Seaple haJec:"tM) (LlnILia)
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(
APPENDIX-' Cqlibrgtirn CUTV'" (or VQÇ~

CA1UaN:ticm PIO't (Ext SUa) Fil : UlfIXLOUP CorPela~l011 Coett: 8.999
l-apl'OpyliNS...... ee.,... : 3S al' St Staad.U'd De"ia~ion: 3S.151
(Peak .... ut SMqIle) ..~ or Suqtle InJecte4) (LinILin)

C&1lbr&~lon Plot. (Ext SUs) Fllena_: UIUXLOUP CoPrela~i01l Coet't: 8.998
1.1.Z.Z-Teu.cJlloroetlla_ ~: 36 of 51 StaDllarcl ""'la~ion: U.?39
(Peak Area ot Sulple) ua (Allactnt of SMqIle InJect.U (LlnILin)

(
28._ 48." 68." 111.- 188.'"

(
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(
APPENDlX-2 Calibration çurv(.~ (or VOç..

C&li...~icm Plat. (Ext SWs) Fil : "IIIXIAUP ear.ela~i01l Caerr: 8.99&
1.2.3-tl"lchlcaopavpa.. ee.pau : 71 Dt 54 S'ta....... Deul.~tcm: 15.985
<Peak ..... or Sulple) ua (~ or SAaple laJeetecl) (LlnILift)

.( 28.888 48._ 68.888 .... 188."

t2ln!!

C&li....~lcm Plat. Œx't SUa) FU_: UIUXLOUP Conela~t01l Coelr: 8.999
&rc.obe. CmapaIm4: 38 fit 54 St&..... Deui.~iaa: 17.46%
(PeaJc AI'ea or s..ple) ua (Maimt or Sulple la,ject.U (Li.ILln)

(
28.8' 48._ 68.888 88.'" 188.'"
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(
APPENPIX.' Cqlibraqon CUntC" ti'T VQC...

CaU'r&ticm Plat Œx't SUs) Fi IImue: VltIXLOUP Correla~icm Coetf: 8.999
4-chIDl'O....._ ea..ou-: 39 01 54 S'ta....... Deu'a~'on: 43.389
(Peak RNa or Sulple) us (A.oull't or s-ple IlIjecte4) (LinILin)

CAl1laNUon Plot (~SUa) FU..... : UIIIXLGUP Correlaticm Coel'r: 8.999
1.3.S-t..i.ethylbe..... CaIIpouM: 48 01 54 St.a~ Dev'a~lon: za.8S9
(Peak AI'ea or Sulple) us (Allauat or Sulple InjBcte4) CLlnlLln)

(
28.'- 48." 68.888 Mt •., 188.'-

{

28.181 48.181 6&.888 88.'- 188.888
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(
AppENDlX-2 CqlibTqIion CKarS (nT VQCt

(

c..li.....~lon Plat (f:)rt SUs) FUeftAIIle: UIUXLOUP Carrel.~lon eoetf: 8.999
Z-chlClPOu,luewae Ca.paun4: 41 GE 54 StaaUrcl Deui&~lon: 12.317
(Peak .... GE Sulple) ... (AIIaa1a't or Sutple InJect,e4) (LlnILln)

C&l1Mo&~ion Plat (f:)rt stcIa) FU....... : UI'IIXLOUP CorI'eI.~lcm Coef'f: 8.999
tar-Bu:tylbellaeioe eo.,auDCl: 4Z GE 54 Standarcl Devi.~IDII: 38.3&5
<Peak __ GE Sailple) us (-..urt Dt Sulple 1nJec'te4) (LlnILb)

(

28.888 48.888 68.888 88.888 188.888
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(
APPEND1X·2 Cglibrœioa ,""(,f for VOCs

C&li"'~iGII Plcrt (Ext SUs) FU......: WlDCLOUP CGPrela~tcm eaetr: 8.999
n-PIoopglbe,ae_ ~: 43 of 54 s-t.1IIIaN De.ia~lcm: 7:1.371
(......... or s-ple) .,.~ ot s-ple l~) (LI.ILln)

188.........48.88828.888

CaU....tian Plat Œld SUc) Fil........ : UIIIX1.OUP Carrel.~icm Caef"r: 8.999
1.Z.4-ta-ùeetJlyl_ ~: 44 or 54 StaDùN. De"i.t!cm: 44.887
(Peak ... or Sulple) ua (-...urt or Sulple lnJect;e4) (LtnILln)

JOUlSa

(

(
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(
AePENDIX-2 CglibraIion CUMICS (nT VOQ..

(

CaU....t;lcm Plat (Ext S'Ua) FlI...... : UIIIXLOIIP Cal"l'ela't.lcm Coetr: 8.999
4-18GPI'OPYl'tol_ ~: 45 fit 54 S'ta...... Devlat;lcm: 33.73&
QJeaJc .... ot Sulple) .,. (RIIaInrt ot s-ple IftJ.et.U (LlaILln)

Callu.t;lcm Plat (J:)rt SUa) Fll_: UIIIXLGUP Caftoela'ticm Coetr: 8.99&
1.3-Dic:JalGl'Dki=-_ ça": 46 fit 54 st.aaIcI.ard levla'tlcm: Z3 .589
(Peak ... or SUlple) ua (AIIaIna't 01 s-ple I~) (LiDILi.. )

(

28.818 48.888 68.818 88.888 188."
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(
APfENDIX-' Calihrgtion cury(~ (nT VOO;

(

CAli1ar&~ion Plo~ (Ext St4s) Fil...... : VI'IIXLOUP CarrelaUon eoerf: 8.999
1.4-Dlchlarobeau:ame Cœlpauncl: 47 f4 54 St.a1lda.N Devia~lcm: 28.9?9
(Peak Area GE Sulple) us (1tRcanrt ot SuIp le InJect.U (LIn :Ll.)

Cali.....~icm Plat CExt SUs) Fil.....: UIUXLOUP CorreI&~lcm eoerl': 1.888
n-Ikrty Ille,...,. <:o-pou1lCl: 48 GE 54 Stanù.Pd. Deviatloa: 23.745
(Peak Area or SAJr.tle) vs (__ut al' Sulple Injec:t.e4) (LI_ILl,,)

(

zee B

28.888 68.888 88.888 188.'"
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(
APPENQ/X-2 Ca/ihralion çurv,.~ (nT VQC..

(

CaU....tlcm Plot CExt. S1:.d.s) File'llUle: UIUXLOUP Carrel.~ion Coetr: 8.999
1.2-DichICll"O"raame ea.po.ncl: 49 or 54 S'toanùN. Deui.~lcm: 18.547
(Peù APea or Sallple) us (AIIau_ ar Sulple Injec:'tal) CLinlLln)

Call.....'tian Plot (EJrt SUa) FU.,.....: UIUXLOUP Correl.tlon Coef'r: 8.999
1.2-Di~3-chlm'Opro..ne Calqlaund: 58 or 54 Sta1lllAN Deu'.~lan: 2.148
(Peak ... or Sulple) vs (Allaull't or Sulple In.jec1:e4) (LlnILIII)

(
28.'" 48." 68.888 88." 188."
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{
APPENDIX-? CqlihrqIjon ÇU"'(.~ (nr VQO

(

CaUbat.ion Plot (Ex't SUs) ru.....: UIUXtOUP Cal"l"ela~iDII eoetf: 1 •...,
1.Z.4-lI-lchlorabenzene ea.pau1l4: 51 cE 54 S'ta........ D8vlat.icm: 4.969
(Peak Area or Sallple) vs (~~ SUqtle InJIIc't.N) (Lh.ILln)

CaU....t.icm Plat. (Ext. S'Us) Fil....... : UIIIXIAJIIP CorI"elat.ion eoerf: 1._
H.,cacJl1CD"GlMa'bdl_ ~: 52 cE 54 S'talldard De"la~iOll: 1.?ZZ
(Peak Area or Saaple) ua (~ ot Sutple h.JectelU (LiaILln)

(
68.888 88.888 188."
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(
APeENDlX-' Calibralœn ç;urvr~ a,r VOçç

(

C&U....'ticm Plot CExt SUa) FU...... : utUXLOUP Cal"l"ela'tiOft eoerf: 8.982
fCaphthal_ ea.,auncl: 53 ~ 54 S'ta...... Deuia'ticna: 9.858
(Peak Are& ot Sulple) .. CAMIu1r't ot SMlple In.jec'tM) (Lb.aLla)

CaUbra'ticm Plot (Ex't SWs) Fil...... : U'UX1.OUP Correlation Coef'f: 1..-&
1.2.3-~ichlal"Oliel 1 ee.pau._: 54 ~ 54 S'ta..... Deul.'tton: 3.668
(PeAk Area ot Suqtle) us (AiIIIau1a't ot Sulple Injectell) (Lin ILia)

(

28.888
li i i 'i i i i i II' Iii l' i' i i' i il i i " il i' l" i il i

18.888 68.888 88.... 188.&88
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( APPENDIX-3: Experimental results for samplîng dynamics

Experimental results
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Experimental results

24 hours sampHng prome
with 1 liter vesseI

repeated experiment with previously used CSfC
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( A PeENQIX-3 FJperimentaL r(mlrs for rampliog dynamics

Experimental results

2

Geometry of CSFC
L= 0.19 m
10= 0.05 mm
Vs=1000ml
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Experimental results
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Experimental results
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Experimental results
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Experimental results
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( AppENDlX-3 ExperimenrpL results for ramplinf dYnamia

Experimental results

Column internai diameter: 0.10 mm
Column length: 15 cm
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Experimental results
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Experimental results
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Experimental results
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Experimental results

Geometry of CSFC
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Experimental results
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Experimental results

Transducer measurement
flowrate: 0.046 ml/min, ~=99.5%
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APPENDIX-4: Validation studies from an externallaboratory

LONG TERM TIME JNTEGRATED SAMPLlNG CANISTER

1. Jntrodudfon

The Somma passivated canister bas bcCn used CX1mSiveJy with succcss for the collection
ofgrab samplcs for tnIcc orptlics in Bir. More m:cady. a llow coauoncrbu bccIl
dewJopccl ÜJ81 alIows the coUccbon of lime inlegraœd samplc:s ÏDto the ceaiacr. The
operation orthe COJW'OIJer is based upon the use ofa resttidCd orifice that C8D bc
dcsïsncd lUJd CODfigured for ooDtiDuous sampliDg overvarioas ÜltervaJs ofspecified tUne.
Figure J pmvidcs a diagram oftho ovaull configuration oftimo ÎDteglated sampling
dcvicc as CUIICntly bemg uaed.

The fiow conuolliDa device
simply COJIIleCtS to the canister3
through standard SwapJok
fittiDgs. Tbc deYice is cquipped
with a pressuœ sauae which
aUows the monitortDg ofthe
pressure duriDg sampJfnt: process.
The flow cootro1ler ÎI boused
within a boJlow staiDless steel
enclOsure wbiCh bu standard
Swsgelok1itûnp welded for
auaebm=t orthe mous
ftmctionaJ elemmts. A 0.5 pm
lCDiDIess steel fiiued mler Is
auaehed to the inlet orthe Dow
COJ1ttOJler to pœveDt perticulatcs
hm entering the smalJ orifice of
the comro1lcr. 1hc dcvicc cm bc

conflguml with aDY sizc CIDÎItCf. Pliure 1 Long Tcrm ll1DC Intqpmcd SampÜDg
and the orülce cm be easily - Canisœr Assc:mbl
configurccl to conect semples for y
vanous time intcrvaJJ tbat may be needed &osed upon sampliag objectives. The dcvicc
çan bc configured {OT collection ofsamplcs in a linear manacr for houa, days. weeks, and
even montbs ifneccssary.

Boeing luJaIyûcal Services bas bcca working coopelBÛw:ly in the appücatious
deve10pmcnt m:I verification orthe device with McGiII UDiv=ity in Canada ovcr the
1Asi·yeu. The basic; description and 1"unctionality ofthe deviœ wu first publ1shcd at the
Symposium on the MeosuremUlt DfTœic and ReltztrdAirPO/1Ul~ iD May 1996 At
Rcsearcb Triangle Port, Nonh Cuolina. A copy of tbat paper is llUlldJed 10 this
sunmwy repon for rcvïe.w.

(
Rncinl' AnaiVliça,1 Scrvïces 09/27/96
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a1 lacelNO ~"""Ic::A.. SERV. TC 1614 39B 5e22

6PPENDIX-)

Vgljdalion fludjC$ (Tom an m,maL /ghoralory

1996.118-14 09....... lIe9'2 P.0:V0e

(

Since Il US paient appHeation bas been submiued for the deviee.lbe det8ÜS of the devicc
configuration C8DDOt be d1scusscd al this lime. Thia report will bo\wver.mmmarize the
opcraûq characteristics lDd n:suJts ofpre-fli&ht vcrifiœtion te5ÔDg berme shipment fa
the Russian Spacc Station Mir.

..
2. Sampling DyoaaUes

Pressure cquilibration acroa a rcstrieted orifice iJ a weJl defiDed pbenomenoD based
upon fuDdamemaJ Jaws offluid dynamics aDd sas kinetics. Figure 2 illustratœ the
pressure equih1ntion curve ofa SOO cc canister equq,ped with • flow c:ontro1Jer designed
to coUcet aoacweek (7 day!) sample.

-r--------------------------r

1­
~

~-
1•..

,aa

......(t) ....

Ficun 2 Pressure Equilibration Curve for A One Week Sampter

As illusuated inPj~ 2. the prcssuR equib1mniOJl-process begius in a rcasonably lincar
fuhion, and the process becomes very slow as the AP between the canister DDd the
ambiCDt enviromneDt becomc:s small. The above emve for the overaJl tIme lmenta1 of
thiny thicc days fits a tifth ordcr polynomial with a c:oneIatiOIl coeffic:ieat (R~ greatcr
tbais 0.9999. As the plCSlUIC in the œnister appn=hes the ammeal pœssure orthe
sampliag cnvitonmem. the curvc flaucos out and açtUajly nue"'·'·' op and down wilh 190
me fluctuation ofthe ambient pressure.. It appcars tha11bo sampÜDg raie in Figllœ 2 is

( Boeina AnalVlicaJ Services 2 09127196
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I~ IBOEINO RlA-YTICA.. SERV. TC 1614 398 Si!J22

JiDcar ÏD die iDiâaI pIIrt orthepressure cquilibratioa PJOCCIL InPiprc 3.. the sante daul
iom Figure 2 is processed forme time intenra1 ofone week.

n_rn_lbidean SutpIw
0.. .......

..~-----------------------

toiuu
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. ,/
~...._~,*."",.""""""" ,, ~,;It"

"./
J'

",""

./
".,

.;'".,
;0;

,,',,. ,
fi' tfII!."

0---,- - ~

lIA

..
.­
t.,.

(

FIpre 3 Tune Udcgratcd Sampler Comigured For Seven Days (Processed for SO%
Volume ottbe cmater)

AI CID he SCCD ûam Fiame 3. the rate afSlmpJe collectian within the 7 clay smnpling
inlcrvaI is vay dose to the 1incarapp1OXÏmaÛon. The lincar leii":SlÎon of the data over
the seven day timc inœrval provides a correlation cocfficie:at of0.9992. In cascncc. the
sJiPt di1fcœacc &am the fiDcar approximation GDd the raw da&a is &r beyond the
swistical variation cxpcdCd 1iomthe trace contaminant anaIytica1 me&hods.

F'iaure 4 bcIaw aIsa iIIuattatës simüar data for a. fJow commllercnnfipred for a 48 hour
SllDpling iIIten'al. Figure 4 appears ID demonstl'ata sUghUy more deMation Û'Om the
liDar approximation tban Fipœ 3 for the one week smnpJer. In aewaJlty, 1hia is not true
because the üaearestimate was processcd ta a smaIler 4P. In Fapre 4, the data is
processed for a Ume inœrval that œp1CSCIlll the ClDÎStc:r cqui1ibmtinc to 60 pen:eftlorthe
ambicnt envin:mmenIal pressuae ratbcr1bm the SO percent for the one week samplcr in
F'JIDIC 3. In bath cases., 1be deviationfiom Jincarity cou1d DOt be deteImineclfiom trace
r;gntaminam anaJytic:al mcthoda. but abviously )'OU let the beat appzoxima1ian for liDear
sample collection whm collccrinl about SO percent ofthe volume oftbe CIIIIister.

( ""~ .
Aœûul AnalvtiœJ Services 3 09121196
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l!1'!1&.1e-14 09'41PP1 lIm92 ~.l!lS/œ

(
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1lM(f,......
• u JO

(

Fipn: 4 Tune Integra1.cCl Semp1e:r ConfipreciPor Two Days (Prac=Slcd for 60%
Volume ofeamSllDf) . -.- ......

Anotber impoJ tIDt aspe&; to the applicaûOll orthe lime intqrmd CIDister involws the
efi'ect of1he dJaDsins ambieat cnviroDmemal ptwsme on samplin, accuracy. The data
!rom the c:harts Wustrate tbal the lIIIlpÜDg rate ÎI enentjally CODSIIIIl u Joug as the
canistcr PlCiIUlC (or volume) is less than SO rD 60 pcrCCIIt ofthe _meut pnssme (or
volume ofcamm) ofthe CIlYÎI'OZUDeftt beias sampJed. Thc:œ1ine. pressure chaDges in
the ranse of ±SO mm expeeted within a spacecra1\ envimnment will have no measurable
impact on the 1'ItO of~ ad the quality oftho qualily oftbc data obtafned.

3.0 Assessment ofBias Eff'ec:tI of the TUDe IDtegrated Sampler

Il Js fmponant ta aaca the efI1cieDe)' oftraDsfe:r oftbo ilow coatmlJer for any poœnÛll
biu eftècts for collecdou ofc»',ta"'immts ÎIdO the caDistet. Anexpeduaent wu
conductccl by aIlowiDa a 5OO'cc tilDe ùuepaIed caaiIIer to coUect a semple over aperiod
ofseven"days. The fCCOvety oftbecompoUDda wete _ei1Iii,.,... 1iam• standard
prepared from the seme sour=. The daIa ob&liœd fornœ-polar compoUDds from this
cxpCriment il presemccl Ûl Table 1.
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.ot lSOE ErG~YT ECR.. seRVe TO 1614 3'98 &ra22

Va!idalion "1u4i,.. frnm gn (,fIlmai IghnratoTV

Percent Percent
Target Compounds Difference Target Compounda Dlffennce
Freon 12 6.1 Trichloroethene 2.6
Freon 114 9.7 cfs-1.2-Dichlaropropene -10.6
ChJorometh&ne -9.2 ToJuene 7.8
Viny' chloride 8.2 trBn8-1.3- Dichfo -18.2
Bromomethane -&.0 1,1.2- Trichforoethana 5.1
Chloroethan8 14.3 TetrachJoroethene 2.0
Freon 11 7.4 1.2-Dibromoethane -1.2
1,1 dichloroeth8ne 16.9 Chlorobenzene -3.0
Freon 113 5.8 EthyIbenzene 0.0
Methylene Chloride 15.8 m.o-X:i: - 22
1,1-Dlchloroeth8ne 6.1 o-XvJene -0.4
.1,2- Dk:hlotoethene 4.1 Slvrene -13.J
Chloraform 7.8 1.1.2.2- TetrachJorœthane -18.6
1,1,1. Trichloroethsne 4.1 1,3.5-li T

benzene -15.9
Carbon Tetrachforfde 2.1 1.2.4-1ï -21.2
Benzene 9.5 1.3-DichtorobeiiZ6ue -25.9
1.2- Dichloroethene 1.5 1.4- Dichtorobenzene -27.8
1.2-Dlchloropropane 2.5 1.2- Dichforobenzene -34.3.

Table 1 Summary ofBw EfI"ects ofthe Tune Integratcd C8nsiter for Non-polar
Compounds (7 Day EquHibntion)

(

The average pcrccDt dcYilÛOJl from Table 1 is 9.7 with a range of0.4 ta 34 percent. The
Iaracst deviatians are experiencecl br the Jargest mofccuJar wcight compoUDds. This is
the same trend that ls cxperienced for deaHng with simple tnmsfas ofstandards between
caDÏSters. The last compound sJightJy excecded the j: 300,'0 deviaUon criteria tbat bas bccn
identificd 81 the expecœd rage ofacccptability for utiJization ofthe c:aaistcr mcthod. It
appears that the restridCCl orifice flow =nuoUcr has liule or no eftèct on the ftCOvcry of
compoUDds, but more data oeeds te) be collected UDdcr different comroJIed conditions lO

rnake a more dctiDitivc S1atement.

Table 2 snmmadzcs dcviations for a varietY ofpolar compoUDds tbat were determined in
asimilar mannet. The avcœge percent dcviaùon is 13.7 percent witb a range of 1.4 to
32.6 percent. GeDendly. a Jarger ncgatM deviatioa is obscrvcd for the polar organic
eotIIpounds through the flow conuoUcr Uw1 for the non-poJar compounds. This trend in
data is a1so simiIar te) that experienccci for tllese compounds from simply UBDSfening
sœndards ûom QDÏStCr ta CDJÛster. As with the non-poJar compounds. more work needs
tg be condueted uaelu difI'erent COlIUOUed conditions to bcner cbaracterize wIu1t impact if
any tha" the lJow conuoller bas on uansfet ofpolar compound! into the canïsler.

( Bocing AnaJytical SeMees 5 09f1.7196
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(

Percent
Taraet Compounds Difference
& e -6.0
Pent8ne 4.8·
Ethanol 32.6
Propanal 18.8
'& .11.5
1 anol -1A
Hexane -2.S
1-P 1 ·25.5
Bulanal 12.0
2-Butsnone -14.S
EthYI Acetate -S.5
~·Butanol 22.4
Cvdohexane -8.3
Heptane -1.7
1·8utan8t 28.7
n-Propyl Acetate -8.4
~ ••. .... .a 2.f'entanone -19.6
Octane -12.9
2-Hexanone -26.4
ButYt Acet8t8 4.7

Table %• Summary oEDias Sfl'ec:u ofthe TUDe
1Dtegnlted Omi,rer for Polar Compotmdl
\1 Day Bquih1ntion)

4.0 Vibration Testiog

Prior to shipmeDt. ail orthe tlight lime i.Jltegmtecl çqnisrers were subjected ta the
specuum ofvfbrations accozdiq to specifications pracribeci by RSC EDcrIia Ùl Table 3
bcJow.

Frequ&:DÇY Power Spectta1 DeDsily (g2JHz, in 120 sec)

20.100& 0.02
100· 200 11% 0.02 up to O.OS
2OO-S00Hz 0..05

SOO.2OQOHz 0.05 up to 0.025

Table 3 VibratioD Test Paœmerers

( .- ~.

BoeiDg ADalytical Semees 6 09/27196
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(

(

For the Russüm Proaress module, nlsbt bardwIœ is packed tiahtly with cottan imo
Vldous campatUDe:D1l. 1bcvibration test was canducœd in sud1a JDBDDer to simuJa1e
tbis eIlYÎIOmDCIIl by JJlCkiaa the ruptbaIdwaJc ûgbdy VtÙIl cotCaD IOweIs iDside aD
alaminum box. The Yihraûon testa \\WC co1Uh1cted for2.6 mimue iDIcrvafs witb the
œntaincrpJacecl 1ft dfftëreat posïtiODS lCJatiw to the foRa bcdns applled. Atkz the tests,
ail evacuaœd emriam were aUowed te start prc:auICequih1mdion (ortwo days to dctcct
failures. AU ofthe taled eenjlf.Cr cquiIlbmfons WIft œted ID be normal amd aa:eptable
forflipt.

Summary

ln IUDUDII)'. the Dew time integrated caniater pmpJins devicc povidcl a flexible lDCImS

for collecâ01l oftlme iDrqIaIed smnples in a 1iDearJDIIIDCr. The deYice CODfipraticm
am he easi1y modf1ied to prol'icle SllDPJiDg owr111I)' defInecl tIme fmcm1 nccdcd to
GChieve measuremeat objccdves. The da1a ftam iDidaI pouud tesIÏDI fDdjQltc acceptable
1nœferofcampotmds aass the n:s&rieted OIÜiœ iDIetsystlIID. .AIllesrcd amisters
survived the VJ1mdiœ tests tbat covered the ftill specuum and imeuslty ofcxpcc:ted
vibrations. EvideDce obta:iDed to date iadicate that the tilDe iatepaI!d CIIDÏSteIS dJd
survive the Jaunch to Mil lDd Ile operatiD& • cxpec&ed. FUltbertesIiDg and modification
ofthe device 11 in pragrcss 10 beuer chIractcrizc operaûDg parameIaS aad optimize
pen01l1WlCC for fUture 8PP1icaûou.
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