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ABSTRACT 

A timed exposure diffusive sampler (TEDS) sensitive 

enough to measure hourly averages of nitrogen dioxide (N02) 

at low parts per billion levels was developed for use in 

epidemiological studies. TEDS can be used for a variety of 

atmospheric pollutants. TEDS was tested in the laboratory 

against known concentrations of N02 and against well 

established N02 measurement systems. It was then tested in 

the field against the Environmental Protection Agency's 

reference method for measuring N02. The TEDS method appears 

well suited to epidemiological investigations of air quality 

and extends previous work in this area by offering improved 

time resolution of changes in pollutant concentration at a 

cost sufficiently low to permit it's use in large scale 

studies. The TEDS method also shows potential for 

miniaturization for use in personal sampling. 
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CHAPTER 1 

SIGNIFICANCE AND INTRODUCTION 

Motivation of Research 

The driving concern in air pollution studies, 

legislation and control is the protection of human health. 

To assess effectively the potential risks to human health 

from air pollutants, we must discover, not only which 

atmospheric pollutants have the greatest impact on human 

health, but what environments present the largest exposures 

(Quackenboss et al, 1986). Recent studies have implicated 

indoor air as the main environment in which people are 

exposed to airborne pollutants, primarily due to spending 

90-95% of their time indoors (Chapin 1974; Ott, 1980; 

Dockery and Spengler, 1981; Moschandreas, 1981; Moschandreas 

et al., 1981; National Academy of Sciences, 1981). Many of 

the pollutants found in indoor air at work and in the home 

present a health risk to a large percentage of the 

population (Leaderer et al., 1986). 

Health Effects of Nitrogen Dioxide 

The health effects of 0.01 to 1.0 ppm NOz in humans 

have not been well characterized. Increased airway 

resistance was found in humans at levels down to 0.5 ppm by 

von Nieding et al. (Lee, 1980), while Hackney et al. (Lee, 
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1980) state no health problems have been shown for "ambient" 

N0Z levels. Speiaer et al. (Lee, 1980), however, found peak 

levels of 1 ppm W02 in homes that use gas for cooking, and a 

"significant association" between home gas stove cooking and 

lung dysfunction and illness history. Goldstein and 

Goldstein (Lee, 1980) found 81 to 87 percent absorption of 

N0Z inhaled by humans from brief exposures to 0.29 to 7.2 

ppm, and up to 90 percent with "maximal ventilation". The 

Occupational Safety and Health Administration (OSHA) has set 

the Permissible Exposure Limit (PEL) for N02 at 5 ppm 

(ceiling) and the American Conference of Governmental 

Industrial Hygienists (ACGIH) has set it's Threshold Limit 

Value (TLV) at 3 ppm N02. 

Animal studies involving rats and mice exposed to 

N02 have shown hyperplasia from terminal bronchioli to 

alveoli, edematous swelling of cilia and of alveolar 

epithelium, loss of cilia, degeneration and necrosis of 

mucous membrane leading to an autoimmune response, 

inflammation attended by lymphocytic infiltration (Nakajima 

et al; Lee,1980). Hypertrophy of alveolar septa and 

bronchial obstruction by mucous was also observed (Nakajima 

et al; Lee,1980). 

Biochemical observations include oxidation of 

functional groups (-SH, -NH2, -CHO) and peroxidation of 

lipids in vitro but have not yet been demonstrated in vivo 
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(Mustafa et al; Lee, 1980). Mead et al. (Lee, 1980) found 

NOj induced lipid peroxidation in lipid bilayers decreased 

with increasing tocopherol levels. They found that exposure 

of membranes to N02 decreased membrane tocopherol and 

glutathione levels. As these antioxidants were consumed, 

membranes exhibited greater susceptibility to lipid 

peroxidation. Menzel (Lee, 1980) found inhibition of 

prostaglandin (PGEZ) metabolism in rats exposed to 0.2 to 

2.0 ppm N02. This may cause problems in asthma patients. 

Major Points of Concern for Public Health 

The major points of concern for public health are: 

1) inherent toxicity of pollutants (i.e., a dose-response 

relationship), 2) the magnitude, duration, and timing of 

exposures, and 3) possible interactive effects on humans of 

multiple toxicants, and of humans and toxicants with the 

physical environment (i.e., temperature, humidity and 

electromagnetic radiation) (Tenford and Kaune, 1987). Useful 

information on inherent toxicity has been gained from animal 

models. Exposures and interactive effects, however, are best 

measured in the field and examined in human populations. 

Epidemiological studies are more informative than animal 

studies regarding risks to human health. Hence, 

epidemiological studies are of central importance in 

assessing risks to humans from air pollution. This implies 
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the need for methods of exposure assessment that are well 

suited to epidemiologic applications. This paper presents a 

means for assessing human exposure to toxic gases in a 

fashion compatible with application to epidemiologic 

studies. 

Existing Methods For Monitoring Nitrogen Dioxide 

Currently available toxic gas monitors are usually 

developed for industrial hygiene or fixed site ambient 

monitoring and all have shortcomings for epidemiological 

applications. These monitors may be grouped into two 

categories: real time monitors, and integrative monitors and 

samplers. Real-time monitors give continuous measurements of 

concentration over time. Integrative monitors give average 

values of concentration for discrete time intervals. 

Integrative samplers just sample the environment and are 

analyzed later, yielding concentration averages for the time 

period sampled. Integrative devices may be further 

subdivided into: "active" (pumped), and "passive" 

(diffusionally controlled) — also known as "diffusive". 

Existing air monitoring methods have shortcomings 

for epidemiological applications (Yanagisawa and Nishimura, 

1982; Khan and Meranger, 1983; Mulik and Williams, 1986; and 

Quackenboss et al., 1986). Some of these shortcomings are 

described below. 
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Real-time monitors (RTMs) designed for industrial 

environments (low ppm range) lack sufficient sensitivity for 

detection of in-home levels (low ppb) of pollutants. Some 

RTMs designed for industrial use can be modified to detect 

ppb levels of pollutants but often suffer from excessive 

signal noise and drift. RTMs designed for fixed site ambient 

outdoor air monitoring are sensitive enough (low ppb range) 

but are usually too expensive, too cumbersome, or produce 

too much acoustical noise for extensive application to 

epidemiological studies involving assessment of residential 

or office environments (Yanagisawa and Nishimura, 1982). 

Only a few of the common indoor toxic gasses can be detected 

at ppb levels in real-time by portable RTM instruments. 

Active (pumped) integrative monitors and samplers 

usually depend on known and relatively constant air flow 

rates for accurate determinations of sample volume. 

Accurate sample volumes are necessary to calculate 

concentrations of pollutants in air for most of these 

monitors. Variations in flow rate may result in significant 

errors in sample volume and hence in concentration 

determinations (Michaud, 1989). Many of the pumps used in 

these monitors produce enough audible noise to cause some 

reluctance in allowing their use in homes and office 

buildings. Some of these monitors may contain spillable 

quantities of hazardous liquids (Khan and Meranger, 1983). 
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Sorbent media used to adsorb the pollutants may not release 

them quantitatively. For a given sorbent medium with an 

average desorption efficiency of 90 percent, the amount of 

pollutant detected can be divided by 0.9 to correct for the 

incomplete desorption. The actual desorption efficiency of 

any given sample may vary from the average desorption 

efficiency, and these differences may not always be 

negligible. This additional source of error compounds other 

sources of error in the sampling and analysis. 

Passive integrative samplers typically require long 

periods (days to weeks) to collect enough analyte for an 

accurate analysis to be performed (Palmes and Gunnison, 

1973). Such long term sampling can not distinguish between a 

series of transient (minutes to hours) high concentration 

exposure episodes, and a long term low concentration 

exposure (Figure 1). Even though two exposure events present 

the same time averaged exposures (concentration times time) 

as in Figure 1, biological systems may respond differently 

to them (Coffin et al., 1977). 

Passive integrative samplers may underestimate 

exposure concentrations due to "sampler starvation" effects 

in slow moving air (Pannwitz, 1986; Yanagisawa et al., 1986; 

Mulik and Williams, 1987; Girman et al.). This occurs 

because the sampler takes in pollutant (by diffusion) from 

the air immediately outside the sampler at a greater rate 
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than it is being replaced (also by diffusion) from external 

air. The rate of pollutant uptake by diffusion is dependent 

on several factors, including the concentration gradient of 

the pollutant (the driving force). This concentration 

gradient can be made less steep by the uneven rates of 

diffusion in still or slow moving air. This slows the 

effective sampling rate of the sampler according to Fick's 

first law of diffusion (Palmes and Gunnison, 1973: Posner 

and Moore, 1985; Yanagisawa et al, 1986; and Mulik and 

Lewis, 1987). Figure 2 shows the general relationship 

between diffusive sampler collection efficiency and wind 

velocity past the sampling face. 

Sampler "starvation" effects tend to be most 

pronounced at low wind velocities such as the curved region 

in Figure 2. Several investigators have observed a relative 

plateau in this relationship (Pannwitz, 1986; Yanagisawa et 

al., 1986; Mulik and Williams, 1987). Sampler collection 

efficiencies can be relatively insensitive to wind velocity 

above the thresholds of such plateaus. The "corners" of 

these curves vary in sharpness with different sampling 

devices, and some of the "plateaus" have a slight positive 

slope. 

The same problems with correcting for desorption from 

the collection medium discussed above for active integrative 

samplers also apply to passive (diffusive) samplers. In 
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addition, desorption during the sampling period changes the 

concentration gradient and hence the diffusive sampling 

rate. The extent of this effect is not easily determined or 

predicted. This makes mathematical corrections for the 

effects of desozption during sampling impractical if not 

impossible. 
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Design Objectives for a Toxic Gas Monitor for Epidemiology 

The ideal sampler for epidemiological studies would 

be: (1) small and quiet (acceptable for residential or 

personal monitoring); (2) inexpensive (unit cost reasonable 

for large scale surveys); (3) reasonably accurate and 

precise (i.e., 10-20% absolute error ± 10-15% of reading); 

(4) adequately sensitive for residential or office use (mid 

to low ppb) range; (5) able to resolve short term averages 

(min to hours); (6) adaptable to personal monitoring; (7) 

not labor intensive (routine maintenance, calibration and 

analysis); and (8) versatile, i.e., able to be used for a 

wide variety of pollutants. 

Diffusive (passive integrative) samplers possess many 

of these desired characteristics (Palmes and Gunnison, 1973; 

Girman et al.; and Yanagisawa and Nishimura, 1982). Some of 

their shortcomings may be overcome as follows. 

Shorter sampling times can be obtained by increasing 

the area to length ratio (A/L) of the diffusion path (Posner 

and Moore, 1985; Mulik and Lewis, 1987; and Mulik and 

Williams, 1987. 

Air can be moved past the sampling face at sufficient 

velocity to prevent sampler starvation (Yanagisawa (1986); 

Mulik and Williams, 1987). The actual velocity need not be 

strictly controlled as for "active" sampling methods because 

analyte uptake rate is not significantly affected by air 
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velocity above a "starvation" threshold (Pannwitz, 1986; 

Yanagisawa et al., 1986; and Mulik and Williams, 1987). 

The use of a reactive collection medium (instead of a 

sorbent) for the collection surface can help prevent 

desorption effects from confounding the interpretation of 

the analysis. This collection medium should form a stable 

non-volatile reaction product from the analyte, be fairly 

specific for the pollutant being measured, and be compatible 

with subsequent analysis (i.e., colorimetric or 

chromatographic). Examples are triethanolamine (TEA) for 

collecting nitrogen dioxide (N02) and sodium bisulfite for 

collecting formaldehyde. 



CHAPTER 2 

SCOPE OF THESIS 

The purpose of this thesis was to: 1) develop a 

short-term (1-6 hour) NOz monitoring method that can be used 

in occupied homes and offices, 2) test it against known 

concentrations of N02, 3) test it against continuous real

time N02 monitors including the EPA reference method for N0Z 

(chemiluminescence), and 4) evaluate its utility in the 

field (a residential epidemiology study). 

The epidemiology study which necessitated the 

development of this type of monitoring system required a 

time resolution capable of resolving transient episodes of 

unvented combustion activities such as cooking or heating. 

Time resolution was provided by automated sequential 

exposure of the PSDs. PSD exposure times were controlled by 

a microprocessor as described later. In addition to 

providing timed PSD exposure, the three improvements to 

traditional PSDs described above were used. These 

improvements were: 1) a reactive sampling medium was used 

instead of an adsorption medium, 2) a high area to length 

ratio PSD geometry was used to provide a rapid sampling 

rate, and 3) air was moved passed the PSDs faces to prevent 

sampler starvation. Collected samples were analyzed 

spectrophotometrically by a wet method (NEDA) (18). 



Real-time N02 monitors were not used extensively in 

homes in this study because of their cost, size, acoustical 

noise, signal noise and drift. Further, real-time monitors 

have exhibited problematic instabilities in the field 

(Hazuka et al., 1989). 
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CHAPTER 3 

METHODS 

Description of the Passive sampling Device Used 

Passive (diffusive) sampling devices (PSDs) with a 

high sampling rate geometry (A/L) were obtained from 

Scientific Instrumentation Specialists (SIS) in Moscow, 

Idaho. The PSD used in the TEDS was a dual sampling face 

stainless steel cylinder (3.8 cm O.D. by 1.2 cm) with two 

200 mesh stainless screens and two perforated stainless 

steel discs in each face that limit bulk flow while allowing 

diffusion to a collection medium. Both screens and discs 

have approximately a forty percent porosity. This passive 

sampling device (PSD) has a large ratio of collection 

surface area to diffusion path length (A/L), giving it an 

unusually high sampling rate for a PSD; 154 cm3/min for N02 

(Mulik and Williams, 1987). This allows for monitoring of 

short-term exposure episodes; hours instead of days or 

weeks. The EPA developed this PSD in conjunction with 

Scientific Instrumentation Specialists (SIS) (Moscow, Idaho) 

and used it successfully in field studies to determine 20 

minute average N02 concentrations during cooking activities 

in the range of 75-400 ppb (Krasnec, 1986; Mulik and 

Williams, 1986 and 1987; Mulik and Lewis, 1987). 

Triethanolamine (TEA) impregnated glass fiber filters were 
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used as the collection medium. EPA previously developed and 

used this device for sampling volatile organic carbon (VOC) 

with Tenax sorbent. The stoichiometric ratio of TEA to NQ2 

ranges from approximately 600 to 60,000 for the range of 

exposures likely to be encountered in current TEDS usage. 

This should be sufficient to prevent saturation of TEA with 

N02. 

Description of the Timed Exposure Diffusive Sampler (TEDS) 

A schematic diagram of the TEDS unit developed in 

this study is shown in Figure 3. A commercially available 

programmable laboratory timer (Lindburg Enterprises Inc.; 

San Diego, CA) controlled four pairs of stainless steel and 

viton solenoid valves (Scientific Instrumentation 

Specialists; Moscow, Idaho) for each of four air flow 

channels (Figure 3). The pump used was Medo Scientific model 

# VP 0125 (Wood Dale, IL). This arrangement sequentially 

exposed each of four PSDs to an air flow stream such that 

air velocity past the sampling faces of these PSDs was fast 

enough to prevent sampler starvation (Mulik and Williams, 

1987). One PSD (the fifth) was not exposed to any air flow 

and served as a field blank. Each PSD was inserted into a 

small teflon-lined air flow guide with a remaining cross-

sectional area for air flow of 3.26 cm2 (Figure 4). PSD face 

velocity Vf was calculated as: 
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Vf = Q/A (Equation 1) 

where: Q - air flow in cm3/sec, 

Vf = the average air velocity in cm/sec 

across the PSD face, 

and A = cross-sectional area of the flow path 

in cm2. 

The cross-sectional area was determined by measuring the 

volume between the PSD and air flow guide (96 measurements 

were made), and dividing this volume by the length of the 

flow path across the PSD. The air flow was measured by an 

automated bubble meter (Gilian Enterprises part # 800268) 

and corrected to environmental standard conditions. The 

measured flows were converted to face velocities by dividing 

flow by area (3.261 cm2). 
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Figure 3. Schematic diagram of TEDS. 
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Figure 4. Teflon lined air flow guide used in TEDS. 
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For conditions of "plug flow" through the flow guide, 

Vf is representative of air velocities across the entire PSD 

face. Reynolds numbers for the TEDS air flow guide range 

between 225 and 290 for the flow, temperature and pressure 

regions typically used. Reynolds numbers were calculated 

using hydraulic diameter Dh where: Dh = 4(cross-sectional 

area/wetted perimeter). Although laminar flow may occur for 

Reynolds numbers in this range, it is not assured and in 

this case highly unlikely due to flow perturbations upstream 

of PSD and insufficient recovery time/space before air 

reaches the PSD. To assure the PSDs were seeing uniform 

exposure (i.e. plug-flow versus centerline-flow), a highly 

visible smoke was introduced into the flow guide at normal 

operating flow. The PSDs were covered quickly (approximately 

1 sec.) and evenly with smoke suggesting a good 

approximation of plug flow. Thus, for establishing face 

velocities in the range above 30 cm/sec — the velocity 

insensitive region identified by EPA (Mulik and Williams 

1987) — air flow rates above 6 liters/min are required for 

this system. These are easily achievable with available 

pumps. Above this critical region, the sampling rate is 

controlled primarily by diffusion and appears relatively 

independent of face velocity (Mulik and Williams, 1987) thus 

expensive mass- or volumetric-flow control devices are not 

needed. Actual flow behavior in the TEDS was verified by 
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measurements made with an automated bubble tube flow meter 

which was fed air saturated with water vapor and at ambient 

atmospheric pressure. Flow values were then corrected to 

standard environmental conditions of 25 degrees C, 760 mm 

Hg, and dry air. To verify the actual sampling time for each 

PSD, a 4-channel data logger (Rustrack Ranger) was attached 

to the solenoid valves on each air flow channel. The data 

loggers recorded valve activity times and durations. 

Preparation and storage of Passive Sampling Devices 

The PSDs were prepared in a nitrogen glove box to 

collect N02 following American Standards and Testing 

Materials (ASTM) method D-22 proposal p209 (ASTM, 1988). The 

ASTM has become the National Institute of Standards and 

Testing (NIST). Two TEA coated glass fiber filters served as 

the collection medium for N02. The PSDs were hermetically 

doubled sealed in low gas permeability plastic bags while 

under nitrogen (for storage), and installed in the timed 

exposure diffusive sampler (TEDS) no more than 8 hours prior 

to sampling. The PSDs double sealed in nitrogen maintained 

low blank values (<10 nanomoles of N02) for more than two 

weeks. 

Laboratory Trials of TEDS 

Two TEDS units along with Columbia Scientific 

Instruments (CSI), and Luminox (Scintrex Unisearch) real
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time N02 monitors were exposed via a common manifold to 

known N02 concentrations. These concentrations were obtained 

from calibrated gas phase dilutions (50 to 200 ppb) of 50 

ppm (+ 1%) EPA protocol N02 (Scott Marrin Inc.;Riverside, 

CA.). See Figure 5 for dilution apparatus. Dilution air was 

first dried, ozonated, charcoal scrubbed, dried again and 

filtered through a 7 micron stainless steel fritted filter. 

Dilution air and N02 flows were controlled by linear mass 

flow controllers (MFC). These MFCs were calibrated quarterly 

against a primary standard bubble tube flow meter and 

operated within pressure tolerances indicated by the 

manufacturers (Brooks and Tylan). 

All gas "wetted" surfaces in the calibrated gas 

delivery system and the sampler itself were of 

polytetrafluoroethylene (PTFE) "teflon" (a DuPont trade 

name) , 316 - stainless steel, or borosilicate glass with 

the exception of a 6-inch section of acrylic plastic 

(polymethylmethacrylate) in the inlet manifold of the TEDS 

units. The widely used Palmes tube N02 samplers are made 

almost entirely of acrylic. Mulik and Lewis (1987) found 

that acrylic could act as a sink or a source of N02 

depending on its cleanliness. This inlet manifold was 

replaced by a stainless steel one after this thesis was 

completed. 
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Figure 5. N02 calibration gas delivery system. 
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The TEDS units (Timed Exposure Diffusive Samplers) 

had five PSDs in each unit; one of which was used as a 

"field" blank (no air flow). PSD batch blanks (never 

installed in a TEDS unit) and the field blanks were analyzed 

with the exposed PSDs. Exposed PSDs and both types of blanks 

were analyzed by the NEDA colorimetric method; based on 

Palmes and Gunnison (1973). The lower detectable limit of 

the analysis was approximately 2.3 nanomoles N02, 

corresponding to about 20 to 30 ppb-hours for the entire 

method. 

Results of analysis are in nanomoles of nitrite ion 

from which ppb NOz in air is calculated. Concentration in 

air (CA) was calculated from nanomoles collected by PSDs as: 

CA = nmol NOz / (0.383 * hours) (Equation 2) 

where: 

CA = concentration of gas in air (ppb(v)) 

nmol NOz = nanomoles NOz collected by sampler (PSD) 

0.383 = reported PSD sampling rate (nmol/ppb*hr) 

hours = hours PSD was sampling air 

The PSD sampling rate of 0.383 is equivalent to 154 cm2/min, 

which is the value reported by Mulik and Williams (1987) at 

70 degrees Fahrenheit. 
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Two TEDS units were exposed via glass manifold to 200 

ppb(v) NOz from the calibrated N02 source described above. 

This was done for three exposure periods ranging from 1/2 to 

6 hours at air flows ranging from 5.87 to 9.20 SLPM. The 

objective was to assess the accuracy, precision, and 

linearity of response as well as any dependence of response 

on air velocity. Air flows of 5.87 to 9.20 SLPM correspond 

to PSD face velocities of 30 to 47 cm/sec in the TEDS. 

Next, simultaneous monitoring from the same calibration gas 

manifold at several concentrations was performed with the 

TEDS, and the Luminox (Scintrex Unisearch) and CSI (Columbia 

Scientific Instruments) real-time N02 monitors. The RTMs 

were calibrated immediately prior to this comparison. RTMs 

were compared to the TEDS on the basis of 2-hour averages of 

measured N02 concentrations. 

Field Trials of TEDS 

As an additional test, the TEDS was co-located in the 

field with a Monitor Labs 8840 oxides of nitrogen analyzer. 

The Monitor Labs instrument utilizes a gas phase 

chemiluminescent method that determines N02 as the 

difference in signal strength from simultaneous NO and NOx 

(NO + N02) analysis channels. This method is accepted by the 

EPA as a reference method. 
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TEDS units were placed in test homes in order to 

assess their ease of use, reliability, and reproducibility 

under field conditions. Both TEDS units were placed in the 

first test home for the first two days of testing; they were 

then placed in the second home for an additional two days of 

testing. Reliability and ease of use were tested by 

monitoring runs indoors and outdoors. These runs were done 

as simultaneous pairs in order to compare the N02 levels 

indoors and outdoors. Reproducibility was tested by 

simultaneous monitoring with two TEDS units co-located in 

one home. 

The TEDS units were programed for a 24-hour sampling 

period with individual samples taken at times likely to 

"capture" morning (6-11 a.m.) and evening (4-9 p.m.) cooking 

(indoor) and traffic "rush-hour" (outdoor) episodes. The 

intervals between these times were also sampled by separate 

PSDs. 
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RESULTS 

Laboratory Trials of the TEDS 

Testing of batch and field blanks showed that amounts 

of N02 detected in the blanks were less than one tenth of 

the lowest field samples observed. Table 1 shows values of 

N02 detected in batch and field blanks. Since the mean blank 

values (1.74 - 4.07 nmoles) are significantly lower; p=0.007 

than the lowest samples collected in households ( > 100 

nmoles), these blank values were deemed acceptable. 

To check the linearity of monitor response, and 

sensitivity to air velocity, the first manifold experiment 

results (TEDS only) are plotted as nanomoles collected vs 

ppb-hours of PSD exposure (Figure 6). The amount of NOz 

collected is fairly linear with increasing N02 exposure. 

Coefficients of determination (R2) ranged from: 0.9724 to 

0.9992; the average was R2 = 0.9951 for the three flow rates 

investigated with both TEDS. The TEDS N02 collection rate 

was insensitive to PSD face velocity from 30 to 35 cm/sec 

(Figures 7 and 8). The higher collection rate seen at 47 

cm/sec is not in the range of flow rates used with the TEDS. 

Summary data are presented in Table II; raw data are in 

Appendix 1. Possible reasons for this increase in collection 

rate are addressed in the discussion and conclusions. 
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Table I. PSD blanks (nanomoles N02) 

MEAN SE N RANGE 

batch blanks 1.74 0.095 80 1.0-2.7 

field blanks 4.07 0.245 36 1.9 - 7.0 

Table II. SIS PSD collection rates at different air flows. 

Flow V-face NOz collection rate (nmoles/ppb-hr) 
(SLPM) (cm/sec) (SLPM) (cm/sec) 

mean sent n range of x 

6 30.7 0.352 0.006 18 .325 , .370 

•
 

to
 

36.8 0.376 0.013 18 .332 , .428 

9 46.0 0.406 0.007 18 .386 , .438 
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Figure 6. TEDS response linearity test results. 
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Figure 7. Collection rate versus face velocity. 
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Figure 8. Raw data points for collection rate versus 
face velocity at the two lowest flows. 



39 

Comparisons of the TEDS to the CSI and Luminox real

time monitors are depicted in figures 9 and 10. These 

comparisons also provide another TEDS response linearity 

check. Four concentration values were measured at four 

separate times by each monitor. These data were collected by 

trained technicians who have obtained reproducible results 

from all of these instruments previously. The real-time 

monitors have worked very well in the past, but can be 

temperamental with respect to signal drift (both Luminox and 

CSI) and signal noise (CSI). The Luminox signal also 

deviated from linearity over the 50-200 ppb range examined. 

The Luminox response curve had a good quadratic fit (Rz = 

.9988), but a poor linear fit. The CSI had a response slope 

(measured NOz vs exposed N02) of 1.19 (1.0 = perfect), and a 

coefficient of determination of R2 = 0.9998. The TEDS had 

response slopes of 0.96 and 0.98 for units one and two 

respectively with R2 = 0.9983, and 0.9976. The TEDS units 

exhibited a good linear fit, and the slopes of the TEDS 

units were closer to ideal than either of the two real-time 

monitors in this comparison. 



40 

250-

200-

150-

100-

50-

Slope 

• Luminox — 0.999 
n TEDS 1 0.96 0.999 
• TEDS 2 0.98 0.999 

50 100 150 

CALIBRATED N02 (ppb) 

200 

Figure 9. Comparison of Luminox to TEDS boxes 
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Figure 10. Comparison of CSI monitor to TEDS 
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The field test of the TEDS co-located with the ML 

8840 (chemiluminescent) showed a fairly good correlation for 

average N02 over the time intervals investigated (Figure 

11). The general trend of diurnal N02 variation shown by the 

TEDS reflects that seen by the continuous monitor (Figure 

12). The numerical results are shown in Table III. 

The household (HH) field test data are presented in 

Table IV and are shown as histograms in Figure 13 for the 

N02 levels determined during each sampling interval. 

Histograms show the results of two TEDS units monitoring 

simultaneously at two locations per household, or side by 

side (co-located). Each household (HH) is designated by a 

letter and each sampling visit by a number (i.e. D-2). The 

time profile of outdoor N02 levels at HH D-2 (Figure 13) is 

typical of rush-hour profiles as seen by continuous monitors 

near major intersections (P. Hyde Inter-Office Memorandum; 

Arizona Department of Environmental Quality). A side-by-side 

co-location of two TEDS units in a kitchen are shown for HH 

M-2 in Figure 13. Some data points are missing, due to timer 

programming errors. Most notable in this figure (HH M-2) is 

the good agreement between the side-by-side monitors. The 

highest N02 levels typically correspond to morning and 

evening time periods. The daily diary for this HH indicates 

that gas was used for cooking during these sampling periods. 

Additional HH data are presented in figures 14, and 15. 
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Figure 11. Direct comparison of TEDS to chemiluminescent 
ML 8840 (EPA reference method for N02) . 
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Figure 12. Diurnal variation of NO, as seen by TEDS and 
ML 8840 chemiluminescent N02 monitor. 
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Table III. TEDS NÔ  comparison to Monitor Labs 8840 
NOx monitor. 

time 
sampling 
interval 

TEDS-1 

(ppb 
N02) 

TEDS-2 

(ppb 
N02) 

ML 8840 
(ppb N02) 

mean s n* 

06:00-10:59 9.7 10.3 10.2 5.6 10 

11:00-15:59 4.0 4.0 5.5 1.6 10 

16:00-20:59 25.6 26.8 24.9 17.2 10 

21:00-05:59 19.1 19.7 18.8 15.3 18 

* n = number of hourly averages of consecutive continuous 
data from 8840 NOx box. 
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Table IV. TEDS in-home N02 determinations (ppb) 

Household / Type 

time 
of dav 

M-2/Gas 

Kitchen Kitchen 

6-11:00 80.47 85.19 
11-17:00 31.62 32.31 
17-21:00 146.69 162.00 
21-6:00am — 55.57 

D-2/Electric 

Indoor Outdoor 

8.38 
9.68 
11.61 
9.78 

38.46 
16.28 
38.64 
29.82 

HH D-2 HH M—2 

G& KITCHEN 
CD KITCHEN 

 ̂INDOOR 
• OUTDOOR 

Q 100 

6:00 11:00 17:00 21:00 6:00 

TIME OF DAY INTERVALS 

6:00 11:00 17:00 21:00 6:00 

TIME OF DAY INTERVALS 

Figure 13. An indoor/outdoor TEDS comparison and 
a side-by-side reproducibility test. 
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CHAPTER 5 

DISCUSSION 

A theoretical NOz collection rate for the SIS PSD 

was calculated using Fick's first law of diffusion (Palmes 

and Gunnison, 1973). The effective area and length of the 

diffusion path were estimated from repeated measurements 

(n=20 each) of screen and perforated disk porosity and 

thickness (80 measurements in total). Porosity was measured 

as 40 + 1% for both screen and disk using a microscope and a 

calibrated stage micrometer. The six "conductive elements" 

consisting of two screens, two perforated disks, and two air 

gaps were arrayed in series. They could therefore be added 

harmonically (reciprocal of the sum of the reciprocals) to 

arrive at an equivalent total conductance for each face of 

the PSD. The diffusion coefficient for N02 in air was taken 

from Palmes and Gunnison (1973) and adjusted to 25 degrees 

Celsius from 70 degrees Fahrenheit, giving 0.157 cm2/sec. 

The total N02 uptake thus calculated for the SIS PSD 

was 545 nanomoles per ppb-hr. Mulik and Williams (1987 A) 

reported an effective N02 sampling rate of 154 cm3 /min. 

This translates to 378 nanomoles per ppb-hr (at 25 degrees 

Celsius). The PSD N02 sampling rate determined in this study 

for face velocities ranging from 30 to 35 cm/sec was 362 + 

20 nanomoles per ppb-hr. 
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Reasons that observed collection rates are less than 

theoretical may include adsorption/reaction of N02 on 

surfaces, errors in measurements used to arrive at 

theoretical and observed values, and incomplete conversion 

of N02 to nitrite ion. Further, analysis may not have been 

100 percent quantitative. 

The collection of N02 by TEA was found by Girman et 

al (date unavailable) to be somewhat dependent on 

temperature, especially near the TEA liquid-solid phase 

transition temperature of 21°C. They found a decrease in NOz 

collection efficiency of Palmes tubes of 15% as the 

temperature decreased from 27°C to 15°C. This effect should 

be considered when comparing indoor and outdoor measurements 

made by this method. This effect was not accounted for in 

this study, however all of the experiments in this study 

were conducted above 23 °C. 

Two levels of specificity screen out interferences: 

1) the selectively reactive collection medium, and 2) the 

subsequent analysis of the reaction product. Mulik and 

Williams (1987 B) observed no interference from nitric oxide 

(NO) or from relative humidities up to 80 percent. The SIS 

PSD used in this study showed a significant improvement in 

sensitivity over the Palmes tube N02 sampler; 20 to 30 ppb-

hours vs 300 ppb-hours for N02 (Mulik and Williams, 1986). 
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CHAPTER 6 

CONCLUSIONS 

The laboratory data and the co-located field 

comparison of this application of TEDS (diffusive samplers) 

with an accepted N02 monitoring method (chemiluminescence) 

show that the TEDS gave a good approximation of short-term 

N02 averages. Mulik and Williams (1987) have made a 

favorable comparison between the SIS PSD and the well 

established Tunable Diode Laser Absorption Spectroscopy 

(TDLAS) method (Schiff et al 1983). Mulik's and Williams' 

findings suggest that the TEDS method using the SIS PSD is 

capable of providing reasonably accurate (+10-20 percent) 

measures of short-term NOz levels in homes or outdoors. This 

conclusion is supported by the laboratory and field data 

collected in this study. The accuracy, precision, 

sensitivity, and time resolution of the TEDS method used for 

NOz were found acceptable for the aims of the epidemiology 

study which motivated this work. The in-home trials of the 

TEDS demonstrated that TEDS units are easily deployed and 

retrieved by technicians with very little training. 

The range of application of high uptake rate 

diffusive samplers such as the SIS PSD may be dramatically 

extended by the use of timed sequential exposure systems 

such as the TEDS which maintain a minimum face velocity. 
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The TEDS method is well suited for mass-production, 

allowing for a relatively accurate and inexpensive means of 

exposure assessment in an epidemiological study that 

requires large numbers of samples to be taken. No 

commercially available toxic gas monitor provides this 

combination of cost, time resolution, and accuracy. A major 

advantage of the TEDS method is it's ability to sample for a 

wide array of analytes by selection of appropriate reactive 

sampling media. Further, by replacing the pump with a small 

fan, and miniaturizing the reactive surface chambers and 

diffusion pathways it may be possible to adapt the method to 

personal monitoring. 
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APPENDIX 1 

DATA 

Table V. Laboratory data showing relationship 

between PSD face velocity and PSD/TEDS 

collection rate for N02. 

V-face BOX # EXPOSURE CELL# NO2 TEST NO2-

(cm/sec) (ppb-hr) (PPb) (nmole 

30.7 1 400 1 176.8 1 135.43 

30.8 1 400 2 192.7 1 147.61 

31.1 1 400 5 176.1 1 134.89 

29.8 2 400 1 174.0 2 133.28 

31.1 2 400 2 196.1 2 150.21 

30.6 2 400 5 196.4 2 150.44 

30.7 1 800 1 190.4 3 291.69 

30.8 1 800 2 198.4 3 303.95 

31.1 1 800 5 190.8 3 292.31 

29.8 2 800 1 189.9 4 290.93 

31.1 2 800 2 202.0 4 309.46 

30.6 2 800 5 188.0 4 288.02 

30.7 1 1200 1 183.6 5 421.91 

30.8 1 1200 2 185.2 5 425.59 

31.1 1 1200 5 174.6 5 401.23 
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V-face BOX # EXPOSURE CELL# N02 

(cm/sec) (ppb-hr) (ppb) 

TEST N02-

(nmole) 

29.8 

31.1 

30.6 

37.0 

35.4 

35.3 

34.7 

35.3 

35.3 

37.0 

35.4 

35.3 

34.7 

35.3 

35.3 

37.0 

35.4 

35.3 

34.7 

43.1 

2 

2 

2 

1 

2 

2 

2 

1 

1 

1 

2 

2 

2 

1 

1 

1 

2 

2 

2 

1 

1200 

1200 

1200 

400 

400 

400 

400 

800 

800 

800 

800 

800 

800 

1200 

1200 

1200 

1200 

1200 

1200 

400 

1 

2 

5 

5 

1 

2 

5 

1 

2 

5 

1 

2 

5 

1 

2 

5 

1 

2 

5 

1 

182.2 

191.0 

191.3 

172.2 

203.5 

203.5 

197.8 

181.8 

199.7 

188.0 

183.6 

208.1 

195.1 

173.0 

164.4 

182.4 

195.8 

195.3 

198.7 

220.3 

6 

6 

6 

7 

8 

8 

8 

9 

9 

9 

10 

10 

10 

11 

11 

11 

12 

12 

12 

13 

418.70 

438.92 

439.61 

131.91 

155.88 

155.88 

151.51 

278.52 

305.94 

288.02 

281.28 

318.81 

298.89 

397.55 

377.79 

419.16 

449.95 

448.80 

456.61 

168.75 
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Table V. , cont. 

V-face BOX # EXPOSURE CELL# NOz 

(cm/sec) (ppb-hr) (ppb) 

TEST NOz-

(nmole) 

43.0 

47.0 

46.4 

46.0 

44.7 

43.1 

43.0 

47.0 

46.4 

46.0 

44.7 

43.1 

43.0 

47.0 

46.4 

46.0 

44.7 

1 

1 

2 

2 

2 

1 

1 

1 

2 

2 

2 

1 

1 

1 

2 

2 

2 

400 

400 

400 

400 

400 

800 

800 

800 

800 

800 

800 

1200 

1200 

600 

1200 

1200 

600 

2 

5 

1 

2 

5 

1 

2 

5 

1 

2 

5 

1 

2 

5 

1 

2 

5 

218.3 

205.7 

229.3 

229.6 

227.1 

209.6 

222.1 

203.1 

203.2 

214.6 

207.3 

209.1 

206.9 

199.7 

206.4 

197.1 

218.1 

13 

13 

14 

14 

14 

15 

15 

15 

16 

16 

16 

17 

17 

17 

18 

18 

18 

167.22 

157.57 

175.64 

175.87 

173.96 

321.11 

340.26 

311.15 

311.30 

328.77 

317.58 

480.51 

475.46 

229.5 

474.31 

452.94 

250.6 
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