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Introduction 
Research efforts conceming the human respiratory effects of N01 exposure have mdicated that 
peakconcentrations of N02 w h ich ma y be encountered in am bient and in door environments (300 
ppb) may provoke acute effects on the airways of asthmaticsl.~_ However, problems in study 
design and statistical analysis have wea.kened the conclusions of man y of t hese studies3

. 

Additionally, there is a great deal of uncertainty regarding the lower threshold limit for the 
provocation of airway effects following N02 exposure. While so me human chamber studies have 
suggested decrements in forced expiratory flow in asthmatics subjects following exposure to 300 
ppb N02

1
•
2

, other studies with asthmatics have not been able to demoostrate similar effects 
following exposure to N02 concentrations as high as 4000 ppb4~·5 . 

Since the common chemiluminescence measurement of nitrogen oxides 1s not specific to N02 , 

b ut detects man y nitrogen oxides6
, one possible confaunding factor m N01 exposure studies is 

the presence of other nitrogen oxides in the exposure environment. For example, nitmus acid 
(HONO) and nitric acid (HN03) may be formed indoors from the reaction of N02 with water 
on indoor surfaces. It is Iikely that this process ma y be influenced by the type of surface material 
(i. e. the chamber wallsand fumishings) present in the chamber and the surface-to-volume ratio. 
Research has demonstrated that the rate of N02 removal from an indoor atmosphere is influenced 
by the romposition of surface materials presenf, the exposed surface area8 and relative hurnidity 
above the surface7• 9• N02 removal may be accompanied by HONO productian such that 
increasing N02 decay rates result in greater HONO production. Recent evidence also suggests 
that HONO may be produced directly in the cornbustion process in addition to its productian in 
heterogeneous reactions10

•
11

• 

Studies of HONO formation have demonstrated thai approximately 50 ppb of HONO are 
produced in an atmosphere containing 1000-1200 ppb N02 

8
·
10

·
11

•
12

• Although the possible 
respiratory taxicity of HONO has not been investigated in detail, the acidic nature of this 
cornpound, its reactivity and aqueous salubility suggest that respiratory damage is plausible. A 
companion study performed in conjunction with this work, made an initial attempt to 
characterize HONO exposure effects13

• Exposure to 50 ppb of HN03 , a more reactive acidic 
species than HONO, has resulted in an effect on the airways of asthmatic subjects14

• 

In clinical human exposure studies, reactive chemistry within the exposure chamber has seldom 
been considered. Some of the previous N02 exposure studies were conducted J n small volume, 
low airflow chamberswith high surface/volume ratios15

·
16

• Such conditions may promate the 
formation of HONOfrom reactions of N02• Since the possible confaunding cffect of acid gases 
on the provocation of exposure effects has not been controlied for, Jt ma y provide a partial 
explanation for the observed inconsistencies in the threshold concentration for the provocation 
of airway effects. 

A recent study on the effects of N02 exposures on humans was conducred at the Institute of 
Environmental and Occupational Medicine at the University of Aarhus, Den mark. The stud y was 
designed to actdress some of the problems mentioned above by conducting mcasurcments in a 
stainiess steel chamber with a high airflow and no recirculation of the air. conditlons which wcre 



cxpected to reduce the content of acids in the air to a minllnum and thereby e!iminate the 
possible confaunding effect of HONO. This study found no s1gns of acute effect of 2-hour 
exposure to N01 in concentrations up to 800 ppb among 20 asthmatic and 20 hcalthy subJeCb 17

. 

Acid gases may also be important co-factors or competitive eauses of the effects associated with 
N02 exposure in epidemiological studies1s. In these studies, all nitrogen oxides from both indoor 
and outdoor sources, and not just N02, are the exposure variables. In this context. the direct 
productian of HONO during combustion, in addition to HONO productian from N02 surface 
reactivity, is important. As most of the measurement techniques commonly used in 
epidemiologic investigations measure total (excluding nitric oxide (NO)) nitrogen oxides (N02, 

HONO, HN03, etc.), exposure assessment has not been specific for the campaund of interest, 
presurnably N02• Therefore, any epidemiological study demonstrating a reiationship between 
health endpoints and N02 exposure should be viewed with eautian untii the presence and 
importance of other potentially toxic nitrogenous compounds in the exposure environment is 
evaluated. Blueidating the relative contribution of N02 reactivity and of direct productian to 
indoor HONO levels will help to clarify the confaunding factors in chamber studies as well as 
the appropriate exposure parameters to measure in epidemioiogic studies. 

In this investigatian we sought to measure the productian of HONO in a stainiess steel exposure 
chamber into which known concentrations of NOz were introduced from gas cylinders. 
Furthennore, we conducted preliminary measurements of exposure chamber parameters which 
may influence HONO production. The hypothesis which serves as the basis for these 
experiments is that in prior exposure chamber studies addressing N02 exposure, HONO is 
produced heterogeneonsly on exposure chamber surfaces following the injection of N02 into the 
chamber. The presence ofHONO then interferes with the assessment of N02 exposure- health 
effect relationships since HONO is detected as N02 in typical chemiluminescent NOx analyzers. 
Chamber conditions and the method of N02 generation will influence the productian of HONO. 

Methods and Materials 
All measurements were conducted in an empty 79 m3 stainiess steei elimate chamber iocated at 
the Institute of Environmental and Occupational Medicine, Aarhus University. The chamber is 
computer-controlled to achieve eonstant ventilation, temperature, relative humidity and pressure 
conditions. Temperature is controlied both by conditioning the incoming air as weil as by 
heating or cooling the chamber walls. Prior to all experiments, the chamber was thoraugbly 
cleaned by vacuuming the entire chamber, scrubbing all chamber surfaces with soap and water, 
thoraugbly rinsing, and conducting with a deionized water rinse. For all experiments N02 was 
added into the ventilation air directly from a cylinder containing l% N02 in air. Initial 
measurements were made at six vertical and horizontal positions within the chamber to ensure 
adequate mixing. Measurements from all positions agreed with in ± 5%. Temperature, relative 
humidity and airexchanges were heJd eonstant for initial tests at 22°C, 45% RH and 12.3 ACH, 
respectively. HONO, N02 , NOx and NO were rnanitared continuously with a modified Thermo 
Analytical 14 B/E chemiluminescence nitrogen oxides anaiyzer. The modifications consisted of 
the addition of fast-response circuitry, shortened sample inlet Iines. and a Na:C01-coated filter 



to remave g_aseou$ HONO (Figure 1). Integrated HONO concentrations were a!so measured 
with annular denuder samplers. Denuder HONO measuremcnts were used for all calculations. 
except to estlmatc decay rates, in which continuous measurements were neccssary. 

Measurement of nitrous acid. 
Climate chamber measurements of nitrous acid were made by annular denuders, and a modlfied 
chemiluminescent analyzer. The annular denuder method has been described previously' 0

-
1
". 

Briefly, 3 Na2C0 1-coated denuders were connected in series and sampied at a flow rate of 10 
L min· 1• The first of the three denuders also contained a fritted glass impaction plate and was 
connected to a glass impactor in order to remave particles with d. > 2.1 t-tm. Following 
sampling, the denuders were sealed until extraction with lO ml of deionized water (Milli-Q, 
Millipore). Extracts were analyzed by ion chromatography with suppressed conductivity 
detection. The limlt of detection for the denuder measurernents of HONO, based on the 
sensitivity of the i on chrornatographic analysis, was 0.85 ppb*m3

• Therefore, a two ho ur sample 
at the lO L min- 1 flow rate, has a detection limit of 0.71 ppb. 

Denuder collection capaciry arui efficiency 
A series of denuder collection tests were conducted with a test atmosphere containing 
approximately 600 ppb HONO, 60 ppb NO and 30 ppb NO, in purified air at 45% RH, 22 °C. 
Sampling was at a flow rate of 4 L min·'. Results indicate a collection capacity of 190 ~g of 
HONO (for one denuder) based on chemiluminescent rnanitaring o{HONO downstream of a 
single dennder coated with l% Na3C03 l l% Glycerol. Although the detection limit of the 
chemiluminescent HONO analyzer was only about 6 ppb, the limited tests showed that HONO 
was removed with more than 99% efficiency on the denuder. 

Examination of the data collected in the chamber sampling experiments (lO L min·1 sampling 
flow) al so provides estimates of the denuder sampling efficiency and capacity for HONO. Up 
to HONO concentrations of 90 ppb, collection efficiency is above 99% on the first denuder, 
based on measurements of HONO on the seeond and third denuders in the sampling train. At 
90 ppb HONO, the highest concentration at which >99% collection efficiency was measured, 
the first denuder collected 207 J.Lg HONO. This capacity value is in good agreernent with that 
measured by rnanitaring breakthrough with the chemiluminescence analyzer. Additionall y, the 
capacity and efficiency appear to be unaffected by relative hurnidity over the 30-80% range 
tested. For all experiments we calculated the HONO concentration from the sum of the N02· 

collected on the first two denuders minus the N02· collected on the third denuder. This 
procedure provides the most accurate determination of HONO, assuming high efficiency 
collection of HONO and a very low efficiency collection of N02 (l%) on the denuder which 
interferes with the HONO determination. 

The collection capacity for HONO of approximately 200 1-'g per denuder is substantially lower 
than capacities obtained for HN03 and S02 in earlier tests23 where capacities of > l mg were 
observed. This suggests that HONO collection capacity is controlied by a more camplex 
mechanism than simple breakthrough. Displacement of previously adsorbed HONO by other 
acidic gases or even by clean air is a Iikely possibility. Previous Jaboratory and field 
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invcstigatwns~.w al.so support this mechanism of displacement of HONO following its collectton 
on the denuder. In a previous research house stud/0

, the presence of N02· on the seeond 
denuder appeared to be relative! y independent of the HONO concentration, but dependent on the 
samplmg vol u me. For example, for 2 hour samples at HONO levels of 100 ppb, no NO, was 
found on the seeond denuder, while measurable N02· was found typically on the seeond den ud er 
when the sample duration (volume) was Iong (8-12 hours). 

HONO was also sampied continuously by a modified chemiluminescent NOx analyzer (Thermo 
E leetron 14B/E) depicted schematicall y in Figure L The modifications consisted of a shortened 
sample Iine within the analyzer, decreased response time, and the connection of an externa! 
Teflon valve and a Na2C03-coated filter. The externa! valve allowed the sample stream to pass 
through either a Teflon filter only, or a filter pack containing a Teflon filter backed by t wo 
Na~C03 -coated glass fiber filters. The valve was in each position for two minutes, and on ly the 
average of the seeond minute of the cycle was used, to ensure that a completely equilibrated 
sample was obtained. The valve was switched by an externa! timer (Chrontrol) which was also 
connected to the data acquisition system such that a signal voltage was applied to indicate the 
valve position at any given time. While the modified NOx analyzer sampied at a flow rate of 
0.2 L min-', we connected a 4 L min-' pump at a tee immediately downstream of each of the 
filter packs, increasing the total flow to 8.2 L min·', and the flow through each filter to 4.1 L 
min-'. This was necessary to avoid reactions of nitrogen: oxides (particularly NOz) with the 
sample Iine, the filter packs and the filters themselves. The NOX analyzer was calibrated 
biweekly with a gas dilution system (Thermo Electron 101) using a certified gas cylinder of 20 
ppm NO (Union Carbide). 

The limit of detection of the modified chemiluminescent analyzer, based upon 3 * standard 
deviation of HONO measurements in the chamber under conditlons of clean air, was found to 
be 6 ppb. During all experiments the inlet for the chemiluminescent analyzer and the denuder 
samplers were collocated in the middle of the 79 m3 exposure chamber, approximately 1.5 
meters above floar level. A Teflcn sampling line approxirnately 6 meters in length led to the 
chemiluminescent analyzer itselL vhich was placed outside of the chamber. 

Tests of HONO generation 
Tests of HONO generation were performed by following a standard protocol which consisted 
of 3 replicate measurements of two hours each. The experimental design is shown in Table l. 
N02 was generated by mixing gas from a cylinder of l% N02 with purified air. This stream 
was then fed directly in to the chamber supply air to achieve the best possible mixing. The tlow 
rate of gas from the cylinder was increased initially in order to obtain the desired concentration 
within the chamber as soon as possible. When the N02 concentration reached the desired leve! 
and steady-state conditions were obtained, the denuder sampler was connected to the sampling 
pump. Following the first two hour sample, a new denuder system was placed within the 
chamber, new Na2C03-coated filters were placed in the filter pack upstream of the 
chemiluminescent analyzer, and the seeond two-hour experiment was initiated. Following the 
sampling period, this procedure was repeated once more. Chamber conditions were always 
equi\ibrated at !east three hours prior to the beginning of sample collection, and the chamber was 
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flushed with clean air for at !east 12 hours bctwccn different exposure conditions. These 12-
hour clean air flushes were performed at the air exchange rate of the subsequent set of conditions 
so that flushes were comprised of 6 - 144 chamber volumes. 

Expt. Il NO~ {pph) Suh!ects "C 
in chamba 

A 1-3 o 22 

A 4-6 100 22 

A 7-9 200 22 

AD 10-12 800 22 

B \3-14 800 x 22 

B 16-17 800 x 22 

l Expt. H l N02 (ppb) l Wool Carpe! l "C 

c 19-21 800 22 

C D 22-24 800 22 

c 25-27 800 22 

D 37-39 800 22 

E 28-30 800 x 22 

E 31-33 800 x 22 

E 34-36 800 x 22 

Table J. Study design 
A: Simulation of T. R. Rarmussen N0 2 exposure study. 
B: Test effect of presence of subjecrs in clwmber on HONO production. 
C: Effect of relative humidity. 
D: Effect of air exchange rare. 
E: Effect of re/an ve humidiry in presence oj wool carpet. 

%RH ACH 

45 12.3 

45 12.3 

45 12.3 

45 12.3 

45 12.3 

45 0.5 

l %RH l ACH l 
25 0.5 .. 
45 0.5 

85 0.5 

45 3.0 

25 0.5 

45 0.5 

85 0.5 

Initial HONO measurements (series A) were conducted at N02 concentrations of O, 100, 200 and 
800 ppb, 22°C, 45% RH and 12.3 ACH, which were the same conditions as those of the 
previous N02 human exposure effects study undertaken in this chamber by Rasmussen and 
colleagues at Aarhus University 17

. This initial series of measurements investigated the possible 
presence of HONO under the conditions of the previous N02 exposure study of Rasmussen et 
al. Samples were collected for 2 hours at each N02 concentration and repeated twice for a total 
of 3 measurements per N02 levet. The seeond set of measurements (series B) addressed the 
presence of human subjects inside the chamber. Forthese tests, four subjects were at rest inside 
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the chamber for the duration of measurements. Series C measurements tested the effect of 
increasing relative humidity on heterogeneous HONO productian on the m side ch am ber surfaces. 
For this series of measurements, three relative humidity levels we re test ed (25%. 45%, 85%) 
while N02 was introduced from the cylinder into the chamber at the concentration of 
approximately 800 ppb and an air exchange rate of J hour· 1

• The next set of measurements 
(series D) addressed the effect of ventilation rate on HONO productian at 800 ppb N~, 45% 
RH. In subsequent series of measurements (series E), wool earpet pieces were placed in the 
chamber, where HONO productian was assessedat a series of relauve humidity levels, identical 
to those of series C. 

NO, and HONO Decay rates. 
In addition to measurements of mean HONO and N02 concentratlons. we al so measured HONO 
and N02 decay rates for the experiments examining the effect of air exchange rate and relative 
humidity on HONO concentrations. Decay rates were determined by measuring the 
concentrations of the pollutallts in the chamber for a period of at !east one hour following the 
cessation of gas injection. Concentrations were converted into logarithms, and plotted against 
time. For periods in which the log concentration vs. timelinewas linear, we then estimated the 
decay rate by measuring the slope of the Iine. Results are shown in Table 2. 

Experiment RH ACH N02 Oecay HONO N02 Decay HONO HONO 
(lu-"') (hr-l) Decay (hr"1

) /ACH Dec a y Production 
/ACH (cmJ molec· 1 s"1) 

A 10-12 45 12.3 7.86 3.51 0.64 0.44 5.1 x 10"13 

E 37-39 45 J. O 2.44 NA 0.81 NA 7.5 x w-n 

c 19-21 JO 0.5 0.51 0.20 1.02 0.40 3.9 x w-n 

c 22-24 45 05 0.55 0.17 !..lO 0.34 6 .. 0 x w-2) 

c 25-27 80 05 0.64 0.15 1.28 0 .. 30 9. 7 x 10"23 

E 28-30 JO• 05 1.18 NA (~O) 2..36 NA 5.7 x w-n 

E 31-33 45• 05 1.13 NA (=0) 2.26 NA 3.5 x 10"13 

E 34-36 so• 05 1.18 0 .. 13 2 .. 36 0 .. 26 4.2 x w-n 

Table 2. Decay and productUm rates. *Wool earpet present in chamber. 

HONO productian rates. 
HONO production rates were estimated assuming first-order dependence on both N02 and H20 
as described in heterogeneous reaction experiments21 ·23 .. For the reaction: 
(l) 

2NO, + H,O ~ HONO + HNO, 



the fol!owing rcaction scheme has been postulated21 : 

a) H20(g)- H,O(ads) 

b) N02(g) - NO,(ads) 

c) NO,(ads) + H,O(ads) ~ N02 • H,O(ads) 

d) N02(ads) + NO,· H20(ads) ~ HNO,(ads) + HONO(g) 

The measurements of Jenkin, et al. indicate that for this reaction scheme, reaction c) is rate
determining21. Therefore, the rate of HONO productian can be expressed as: 

(2) 

d[HONO] 

d t 
•K[NO,] [H,O] 

Incorporating removal processes due to exfiltration and deposition, and assuming no influx of 
HONO into the chamber, the expression becomes: -

(3) 

d[HONO] -K[NO] [H O] -E[HONO]- A K [HONO] 
dt 2 2 v d 

HONO is the chamber concentration, E is the air exchange rate, A the chamber surface area 
(approximately l 10 m2

, a minimum value which assumes that the chamber is an empty perfeet 
cube with no additional surface area), V the chamber volume (79 m3

) and Kd the deposition 
velacity of gaseous HONO. Since there are no experimental data on HONO deposition 
velocities, we have ehosen a value of 3.6 * 104 m s-1 which is the value of~ for S02 . This 

is reasonable since the diffusion coefficients of HONO and S02 are similar ( D" =0.136 cm2 

A 

' S ' DHONO 
~0.154 cm' and smce bot h compounds are acidic 

( J)Ka =l.89, pKa =3.29)24
. Since Kd is dependent upon the surface material and 

S02 HONO 

literature values vary by an order of magnitode or more25
, the value of~ Is Iikeiy to be the 

maximum source of uncertainty in the estimate of HONO productian rates. However, the 
estimation is still valuable for comparison between different conditions inside the exposure 
chamber. U sing the experimental data and equation 3, we calculated HONO productian rate 
constants, K These va\ues are shown in Table 2. 



Results and Discussion 
Measurement cumparison 
Camparisans between the denuder and continuous sampling methods indicated only fair 
agreement. Consequently, the denuder HONO measurements were used for all calculations, 
except to estimate decay rates. tn which continuous measurements were necessary. Although 
there is a small error in the magnitude of the N02 and HONO concentrations, this does not 
affect the decay rates substantially. The overall purpose of the continuous analyzer was to 
provide a real-time estimate of HONO concentrations as weil as NO and N02 concentration data. 
When N02 was the major nitrogen oxide present, the continuous analyzer overestimated HONO 
concentrations (Continuous = 1.1 *Denuder + 14.3; f=0.75). The opposite was true for 
experiments in <vhich HONO was the dominant nitrogen oxide (Continuous = 0.81 *Denuder; 
fl=0.99). Unuer these conditions, with HONO concentrations greater than N02 , agreement 
between the two measurements was better and the intercept was not significantly different from 
zero. These observations re indicative of N02 interference in the continuous measurement. 
N02 interfeL_ --:e is likely , result from collection of N~ on the Na2C03-coated filters. N02 

removedon the Na2C03-coated filter would lead to overestimation of HONO by the continuous 
analyzer and a positive intercept. Ou r previous research house measuremec>ts used denuders and 
higher flow rates (12 L min" 1

) to strip HONO from the sampling stream of the continuous 
analyzer. Under these conditions, N02 removal is minimized10

• Future continuous 
measurements should utilize a high flow denuder for HONO removal rather than the filter 
configuration applied in this study. 

HONO concentrations: Effect of N02 concentration 
The frrst series of tests (series A) were designed to simulate the conditions of the previous N~ 
human exposure study conducted in this chamber17 • Conditions of the charnber environment and 
experimental results are shown in Table 3. Our results indicate that a low level ofHONO (1-3 
ppb) is present in the chamber under these conditions. HONO/N02 ratios decreased at the 
higher N02 concentrations, although the actual HONO concentrations do not appear to be 
dependent upon the N02 level. Since the HONO concentration is independent of the N02 

concentration, under these conditions of ventilation, temperature and humidity, HONO 
productian from the introduced h is not apparent. The most likely explanation for these 
results isthat trace levels of HONO were present in the ventilation air and/or the N02 cylinder 
and that measurable HONO productian and release into the gas phase did not occur during 
the residence time of air in the chamber. At the ventilation rate used for these tests, residence 
time was 4. 9 mi nu tes. These rcsults indicate that significant gas phase concentrations of 
HONO were unlikely to have occurred in the previous NO:z human exposure study 
perfonned in this chamber. Comparisons with HONO measurements in other chambers 
previously used for N02 exposure studies will hel p to determine the possible confaunding factor 
due to HONO productian within exposure chambers. 
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Experim<'nl ;'\JO, (pph) HONO (pph) % HONO/NO, 

Al 0.0 1.2 

A2 -U 1.7 

AJ 3.9 1.1 

MEAN 4.1 1.3 

A4 94.1 2.1 2.3 

A5 97.9 1.8 1.8 

A6 9 !.6 1.8 1.9 

MEAN 94.5 1.9 2.0 

A7 194.4 1.9 l. O 

A8 199.3 1.5 0.7 

A9 198.5 1.9 0.9 

MEAN 197.4 1.8 0.9 

A lO 794.1 3.1 0.4 

All 802.8 3.4 0.3 

A 12 815.0 2.6 0.4 

MEAN 804.0 3.0 0.4 

Table 3. Effect of N01 concentrolion on HONO concentrations in cluunbu. Conditions: 22 "C; 45 % R.H.; 12.3 
ACH 

The results from these chamber rneasurements may be campared to measurements of the 
HONO:N02 relationship measured in bornes under varying conditions. In bornes without 
unvented gas combustion sources25

, a rather weak relationship is seen, as shown in Figure 2. 
Similar results have also been reported recently'6

• Linear regression suggests that HONO 
concentrations may be as high as 10% of the measured N~ level. Assuming that there are no 
other sources of HONO indoors, except for reactivity of N02, this result suggests that the 
presence of surfaces inside typical ho mes (b ut w hi ch are not present in the exposure chamber) 
are important cofactors for HONO productian from N02• The extreme of observed HONO:N02 

ratios is observed in homes in which unvented gas combustion sources are operated10
• In this 

case, as shown in Figure 3, HONO concentrations may be as high as 15% of the NDt_ level. 
While these observations are .suggestive of additional HONO productian in homes when 
combustion sources are operated. the.se data should be viewed cautiously in the absence of 
detailed information on indoor surface characteristics and air exchange rates for these homes. 

HONO concentrations: Effect of human subjects 
The remaining sets of experiments were designed to idcntify the chamber parameters for which 
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changes in HONO productian would be observed. Series B experiments investigated the cffect 
on HONO productian due to human subjects being present 1n the chamber when N01 was 
introduced. This condition more closely reserobles the chamber env1ronmcnt during an actual 
exposure study. Results are given in Table 4 and in Figure 4. At the h1gh ventilation rate (12.3 
ACH) no differences (p>O.l) were observed between HONO concentrations with subjects in 
the chamber relative to identical chamber conditions in which people were not inside the 
chamber. However, at the lower ventilation rate (0.5 ACH), HONO/NO~ ratios were one-half 
to one-third lower when subjects were present in the charnber. Mean HONO/NDt ratios were 
significantly lower at 0.5 ACH when subjects were present in the chamber (p<0.05). These 
results suggest that HONO removal mechanisms, such as adsorption. were importallt when 
residence limes in the chamber were increased above 4.9 minutes. 

Experiment N02 {ppb) HONO (ppb) % HONO!NO, 

B 13 (12.3 ACH) 828.7 3.2 0.4 
+ SUBJECTS 

B 14 818.0 2.1 0.3 

MEAN 823.3 2.7 0.3 

A lO (12.3 ACH) 794.1 3.1 0.4 

All 802.8 3.4 0.4 

A 12 815.0 2.6 0.3 

MEAN 804.0 3.0 0.4 

B 16 (0.5 ACH) 740.9 3.8 0.5 
+ SUBJECTS 

B 17 819.2 12.0 1.5 

MEAN 780.0 7.9 LO 

C 22 (0.5 ACH) 781.4 17.3 2.2 

c 23 769.2 21.5 2.8 

c 24 755.1 23.5 J.] 

MEAN 768.5 20.8 2.7 

Table 4. EffecJ of human subjects on HONO concentrations in cluunber. Comlirion.1: 22 •c; 45 % R.H.; 0.5, 12.3 
ACH 

Our observation that the presence of subjects inside the chamber resulted in a decrease in HONO 
concentrations is consistent with experiments carried out in the companion human exposure 
study 17

• In the exposure study, it was apparent that the presence of 8 individuals within the 
chamber was ab le to lower the airborne HONO concentration by approximately 30%. When the 
subjects left the chamber, HONO concentrations increased back to initial baseline levels. No 
such effects were seen with N01 or NO. Concentrations of N02 and NO re mained stab le and 
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were not affected by the presence of subjects in the chamber. As a Iikely explanation forthese 
observations, we tested for the removal of HONO in the respnatory tract. These expenments 
were performed on two subjects who sat, at rest, in the chamber with a stab!c HONO 
concentration of approximately 315 ppb. The subjects inhaled the chamber air. and exhaled 
through a one-way valve inta a IOL Teflon bag placed inside a heated cylinder. The 
chemiluminescent analyzer samplinglinewas then connected to the bag, and a sample of exhaled 
breath collected for at !east 15 minutes. The entire apparatus from mouthpiece to the analyzer 
sampling line was heated at a temperature above 37"'C in order to avoid condensation of 
molsture from the exhaled breath. Although the analyzer sampling Iine was not heated, the 
velacity through this Iine was sufficiently high to avoid excesstve condensation between the bag 
containing the exhaled breath sample, and the analyzer itself. 

With the two subjects sitting in the chamber, HONO was genermed until a stable concentration 
of approximately 315 ppb was reached (Figure 5). The tlrst subject then began to breathe 
normall y, exhaling into the bag through the one-way val ve. Aftcr 30 minutes, the seeond 
subject performed the same maneuver. Following another 30 minute period, we collected a 15 
minute exhaled breath sample from the fi.rst subject who was inhaling only through his nose, 
followed by 15 minutes of mouth-only inhalation. This same protocol was also performed by 
the seeond subject. In all types of inspiration, and for both of the subjects, we found that ;;=:: 

98% of HONO was removed within the respiratory tract. Assuming a limit of detection of 6 
ppb, and an inspired HONO concentration of315 ppb, detection of more than 98% removal is 
beyond the sensitivity of the analysis. 

Although we observed essentially complete removal ofinspired HONO in the airways, a simple 
calculation reveals that the observed decreases in chamber HONO concentrations could not be 
attributed solely to respiratory tract removal by the subjects. Under the conditions of the 
exposure study (3.0 ACH target, but possibly as low as 2.2 ACH), and with 8 subjects 
ventilating at 10 L min-1

, the maximal removal of HONO due to the ventilation of the subjects 
was 2.7%, far below our observations of up to 30% decreases in HONO concentrations. The 
inability of human ventilation and absorption to account for our observed decreases in HONO 
levels suggests that in addition to removal of HONO by ventilation, reactions with body 
surfaces, clothing or bioeffluents may have been acting to remave HONO from the air. The 
effect of increased surface area suggests that this was a plausible explanantion for our 
observations. Assuming a mean individual surface area of l. 7 m2, the addition of 8 subjects to 
the chamber would increase the surface area in the chamber by 11%. If this additional surface 
area were to act as a perfeet sink for HONO while the other chamber surfaces removed no 
HONO whatsoever, then the maximum of an 11% decrease in the HONO concentration would 
be observed. Bioeffluents appear to be less important. An example is the case of NH3 in 
exhaled breath. Assuming a concentration of 700 ppb of NH3 in exhaled breath27

, a steady state 
NH3 concentration of approximately 14 ppb would have been present in the exposure chamber 
during the HONO exposures. Even if every molecule of NH3 were to rcact with HONO, the 
decrease in HONO concentration due to this mechanism would still not be sufficient to explain 
the observations. Nate that while thermodynamic data do not support the reaction of HONO 
and NH 3 to form NH4N01 , this calculation shows that even if this rcaction were to occur. tt 



12 

wouid not significantly affect the HONO concentration in the chamber-'5 . 

Our observations indicated that the decrease in HONO appeared to be a function of the HONO 
concentration, such that a fixed percentage of HONO was removed when subjects wcre present 
in the chamber. This observation then suggests a mechanism in which HONO. and not another 
campaund or the amount of surface material, is the limiting factor for HONO removaL 

HONO concentrations: Effect of relative humidity 
The third series of experiments (series C) investigated the effect of chamber relative humidity 
on HONO levels. Results are shown in Table 5 and Figure 6. Our observations tndicate that 
increasing the relative humidity increased the HONO concentration (p<O.Ol). This result 
clearly implicates chamber reactions, in particular reaction (l), in the N02 cylinder. in HONO 
production. For these tests, a low ventilation rate (0.5 ACH) was used in order to increase 
chamber residence times to maximize the potential effect of heterogeneous chemical reactions. 
At the highest relative humidity tested, 80%, HONO concentrations were approximately 8% of 
the observed N02 level. The measurements at 30% and 45% relative humidity resulted in 
HONO/N02 ratios of 0.9% and 2.7%, respectively which are in good agreement with ratios 
observed in the studies of Pitts, et al. for injections of N~ into a mobile laboratoryn·23

. 

Examination of the NOz decay data also implies HONO production that is associated with N02 

decay. N02 decay rates increase with respect to increasing relative humidity, while HONO 
decay rates decrease. A lower HONO decay rate is a crude indicatof of HONO production. 

Experiment NO, (ppb) HONO (ppb) % HONOIN02 

Cl9(30%) 842.8 5.4 0.6 

c 20 770.7 6.9 0.9 

c 21 803.5 l0.9 1.3 

MEAN 805.7 7.7 0.9 

C22(45%) 781.4 17.3 2.2 

C23 769.2 21.5 2.8 

c 24 755.1 23.5 3.1 

MEAN 768.5 20.8 2.7 

C25(80%) 712.4 55.7 7.8 

c 26 729.5 72.7 9.9 

c 27 724.7 50.9 7.0 

MEAN 722.2 59.8 8.2 

Table 5. E/feet of relative humidity on HONO concentrations in chnmber. Condirions: 22 "C; 30. 45 80 <;;_ R. H..· 
0.5 ACH 
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IJONO concent rations: Effect of ventilation rate 
Our next series of experiments tnvestigated the effect of ventilation rate on HONO 
concentrations (Table 6. Figure 7). Air exchangc rates of0.5, 3.0 and 12.3 hr- 1 were used, with 
an N01 concentratiOn of 800 ppb. These tests also indicated an increase in HONO 
concentrations with decreasmg ventilation rates, again implicating reactions inside the chamber 
in our observations of HONO in the chamber air. Note that there is no difference between 
HONO/N02 ratios at 12.3 and 3.0 ACH (p=0.54), while the ratio is increased approximately 
5-fold at 0.5 ACH. The HONO/NG,_ ratio is increased significantly at 0.5 ACH relative to 3.0 
ACH (p<O.OOS). These results indicate that residence times between 20 and 120 minutes are 
required for measurable HONO release to occur within the chamber at 45% R.H., 22°C. 
Figure 8 displays calculated HONO concentrations as a function of chamber residence time. 
This calculation assumes a HONO productian rate eonstant of 6x10.23 cm3 molec-1 s·1

, which was 
the mean of calculated rate eonstants given in Table 2. From this figure, the effect of residence 
time on HONO concentrations is clearly evident. In agreement with measured values, it is 
apparent that the HONO concentration is most sensitive to residence time for residence times 
below about 60 minutes (l air change hour· 1). Similar conclusions are reached upon examination 
of the N02 decay rate data. N02 decay rates, normalized to the ventilation rate, increase with 
increasing residence time in the chamber, implicating reactive removal of N~. Similarly, 
HONO decay/air exchange decreases with increasing residence time, suggesting productian 
within the chamber. In energy efficient bornes, air exchange rates below l per hour are typical, 
indicating that indoor HONO productian may be significant when sufficient N02 is present. 

Experiment N02 (ppb) HONO (ppb) % HONO/N02 

D !O (12.3 ACH) 794.1 3.1 0.4 

Dl! 802.8 3.4 0.4 

D 12 815.0 2.6 0.3 

MEAN 804.0 3.0 0.4 

D 37 (3.0 ACH) 800.5 1.0 0.1 

D 38 782.6 7.6 1.0 

D 39 802.8 4.5 0.5 

MEAN 795.) 4.4 0.5 

D 22 (0.5 ACH) 781.4 17.3 2.2 

D23 769.2 21.5 2.8 

D24 755.1 23.5 3.1 

MEAN 768.5 20.8 2.7 

Table 6. Effect of air e.rcJwnge rate ou HONO couceutrations in chamber. Candirions: 22 ~c; 45% R. fl.; 0.5. 3.0. 
12.3 ACH 
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HONO concent rations: Eff('ct of wool earpets 
Series E investigated the dfect of increased surface area, due to the placement of wool earpets 
into the chamber. on HONO concentrations (Table 7, Figure 9). Approximately 30m~ of new 
100% pure wool earpet (Po!ypropylene primary backing, Polypropylene secondary backing with 
butadienc-styrene + Ca C O, adhesive; Weston T<eppefabrik) were placed inside the chamber and 
equilibrated at the different relative humidities for approximately 12 hours prior to the 
introduction of N02• Results of these experiments indicated that, particularly at the higher 
relative humidity leve is. the presence of wool earpets lowered the HONO concentration. Mean 
HONO/N02 ratios were significantly lower (p< 0.05) when earpets were present in the chamber 
at 45% and 80% relative humidity. These results agree well with the tests of subject presence 
in the chamber and appear to further implicate HONO adsorption/absorption on textiles present 
inside the chamber. 

Examination of the decay rates indicates that N02 reactivity was increased due to the presence 
of earpets in the chamber. When earpets were in the chamber, N02 decay rates were 
approximately double the decay rates measured under the same conditions without carpets. 
However, with earpets in the chamber, there was no increase in NO:! decay rate with increasing 
relative humidity, as was observed in the romparison tests. This observation suggests that the 
increased surface of the earpets leads to N02 reactivity via an alternative pathway than that 
occurring on stainiess steel surfaces at elevated relative humidities. In this situation, N02 decay 
does not result in concomitant HONO production. While N02 deca)' rates are approximately 
doubled when earpets were present in the chamber, the HONO productian rates do not increase. 
N02 ma yreact on the wool earpets to produce non-volatile species or other gases besides HONO 
ma y be released. More Iikely, HONO is produced but is not released from the earpet surfaces. 
This may be due to saturation of absorbent surfares with H20. This explanation is consistent 
with our observations of HONO removal when subjects were present in the chamber, and the 
Iikely removal of HONO on clothing. 
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Expenment :\0: (ppil) llOI"O (ppb) <;~ l-IONO!NO, 

E 28 (30 % 787.5 Q,4 ' o ' -
R.H.)+CARPET 

E 29 792.3 \\_(, 1.5 

E 30 810.6 iJ.3 1.6 

MEAN 796.8 l 1.4 1.4 

C 19 (30%R.H.) 842.8 5.4 0.6 

c 20 770.7 6.9 0.9 

c 21 803.5 10.9 1.3 

MEAN 805.7 7 7 0.9 

E 31 (45 % R.H.)+ 799.5 10.5 1.3 
C ARP ET 

E 32 818.8 12.4 1.5 

E33 710.5 \3.2 1.9 

MEAN 776.3 12.0 1.5 

C 22 (45%R.H.) 781.4 17.3 2.2 

c 23 769.2 21.5 2.8 

c 24 755.1 23.5 3.1 

MEAN 768.5 20.8 2.7 

E 34 (80% R.H.)+ 775.0 26.2 3.4 
C ARP ET 

E 35 778.4 29.9 3.8 

E 36 785.5 28.2 3.6 

MEAN 779.6 28.1 3.6 

C 25 (80%R.H.) 712.4 55.7 7.8 

c 26 729.5 72.7 10.0 

c 27 724.7 50.9 7.0 

MEAN 722.2 59.8 8.3 

Table 7. !)feet ofwool earpet in chamber 011 HONO concellfrations. Gmdirio!IS: 22 o c; 30, 45, 80% R. H.; 0.5 ACH 
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HONO production rate eonstant 
Calculated rate eonstants (Table 2) are in good agreement w11h those obtained in previous 
reaction chamber studies1

L
22 and are also closc to calculated rate eonstants from our earlier 

research house studies of HONO formation. Interestingly, the research ho u se data produced rate 
eonstants that were samewhat higher than those found in this chamber study, suggesting the 
importance ofindoor surface material composition for HONO production. We found that our 
calculated rate eonstants were reasonably eonstant for all experimental conditions, although an 
increase with increasing relative humidity was evident. This is in agreement with the results of 
Jenkin and colleagues who found HONO yields to be reduced at Jow H20 concentrations. They 
suggest that this is due to nonreactive adsorption of N02 on surfaces. In empty pyrex reaction 
vessels, Jenkin, et al., estimated the "threshold" water va por p1. '.Jfe for non-reactive 
adsorption of N02 to be 2 Torr, corresponding to a relative humidity 01 approximately 10%. 
Below this relative humidity, N02 was observed to be removed on the reaction vessel without 
consequent HONO production. In our chamber measurements (30%. 45% and 80% relative 
humidity earrespond to water vapor pressures of 6, 9, and 18 Torr, respectively) it is likelythat 
the exposed surfaces had a greater capacity to absorb water, therefore direct comparisons to the 
work of Jenkin, et al., cannot be made. However, both our observations and those of Jenkin, 
et al., support the existence of a threshold levet of water content below which NOz removal 
occurs without HONO production. 

Conclusions 
Results indicate that in the previous N02 exposure study performed in the elimate chamber at 
Aarhus University11 HONO concentrations were indistinguishable from background levels. 
Although HONO was present in the chamber environment, it is extremely unlikely that HONO 
concentrations were high enough to have any effect on the N~ exposure response relationship. 
Our results indicate that the high ventilation rate and moderate relative humidity used for this 
previous study predurled an y substantial HONO formation in the chamber atmosphere. Forther 
tests indicate the strong association between HONO productian and relative humidity. This is 
consistent with previous chamber investigations which have found HONO productian to be first 
order with respect to both N02 and H20. However, our finding that the presence of a wool 
earpet in the chamber did not increase HONO productian indicates that the nature of the surfaces 
present for reactions to occur is important. This finding, in combination with our observation 
that HONO concentrations decreased when people were present in the chamber, suggests 
substantial absorption of HONO on fabrics. Further, we found HONO concentrations to be a 
function of the residence time in the chamber, and our results indicate that residence times of 
at least 20 minutes are required for measurable increases in the HONO concentration. 
Accordingly, future chamber investigations shou\d have adequately high ventilation rates and 
should avoid high humidities to ensure that HONO productian is minimized. 
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