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Chemical artifact is a problem in the sampling of
atmospheric organic species for a relatively long sampling
period. In this study, we evaluated a technique for the
removal of atmospheric oxidants with added NO during gas
and aerosol sampling by theoretical approach using a
Regional Atmospheric Chemistry Mechanism (RACM) model.
The elimination of O3 in the sample air is regulated
predominantly by the reaction of NO and O3 in all simulated
cases. We found that, without any oxidant scavenger,
OH and NO3 concentrations in the sampler can be kept
high even when wall loss processes of radicals are taken
into account. The relatively high concentration of OH is
mainly due to the production of HOx in the sample air via
the decomposition of HO2NO2 and O3-olefin reactions,
whereas NO3 is produced by the decomposition of N2O5.
Addition of NO with appropriate concentrations was found
to effectively reduce both OH and NO3 concentrations in
the sampling devices. This study demonstrates that scavenging
of OH and NO3 as well as O3 is important for the study
of chemical speciation of organic compounds and that NO
addition is a useful technique to eliminate these oxidants.

Introduction
Organic compounds in both gas phase and particles play
important roles in atmospheric chemistry. Volatile organic
compounds (VOCs) as well as NOx contribute in regulating
the oxidizing capacity of the polluted atmosphere. Further-
more, organic compounds sometimes comprise a significant
fraction of atmospheric aerosols, affecting planetary albedo
by both direct and indirect effects on the radiation. Because
physical and chemical properties of organic compounds differ
from one to another, their chemical compositions provide
important information for assessing their roles in the
atmosphere. For the need of chemical speciation of atmo-
spheric organic compounds, sampling techniques have been
discussed by several authors (1). They pointed out a number
of physical or chemical artifacts were associated with the
sampling of organic species. The artifact is often involved

with chemical conversion of some organic species to others
due to oxidation by atmospheric oxidants.

For the determination of organic compounds in gas phase
and particles, chemical artifacts in sampling due to oxidants
(in general O3 is referred) are serious, particularly in the case
that collected compounds are exposed to a sample air stream
for a long time period. The target compounds can often easily
be decomposed by these gaseous oxidants. Moreover,
oxidation of their precursors sometimes results in the
production of target compounds. Reducing the sampling
period minimizes such chemical artifacts, but long-term
samplings (hours to days) are often required to accumulate
enough amounts of target compounds on adsorbent and
filters; e.g., measurement of trace organic species in air, or
size-segregated aerosol sampling with a number of stages.
To avoid the sampling artifacts by the atmospheric oxidants,
a number of techniques have been applied to reduce
atmospheric oxidants for sampling of both inorganic and
organic species in air; e.g., Al2O3, FeSO4, MgSO4, MnO2, KOH,
and KI for chemical reactants in filters or denuder techniques
(2).

Among many oxidant scavenging techniques, a method
to scavenge O3 by the reaction with NO gas, namely the NO
titration technique, is distinguished from others because this
method uses a gaseous species for the scavenging of the
oxidants instead of using chemicals coated/impregnated on
matrices such as walls and filters. So far, this technique has
been applied by several groups (3-7) for sampling inorganic
and organic gaseous species. One major advantage of this
NO titration is that the scavenger of oxidant can be added
as long as the sampling is conducted. By using matrices
(filters, denuders, etc.) coated with scavengers, the sampling
periods are sometimes limited because of the consumption
of the scavengers. This is detrimental when oxidant scav-
enging is more important for longer-term sampling.

While effectiveness of NO titration technique to remove
O3 is acknowledged, no attention has been paid for the
theoretical evaluation of the technique including the effect
to radical concentrations in the sampler. In this study, the
NO titration technique for the elimination of atmospheric
oxidants during the sampling of organic gases and aerosols
was evaluated, for the first time, from theoretical point of
view using the Regional Atmospheric Chemistry Mechanism
(RACM) model (8). Our result has shown that not only O3 but
also OH and NO3 can lead to chemical artifacts without
scavengers. This is the first theoretical study that reports the
potential importance of radical species to sampling artifacts
of organic species. The influence of the NO addition on the
concentrations of these three oxidants is evaluated as well
as applicability of NO titration technique to organic gas/
aerosol sampling.

Experimental Methods
Application of the RACM Mechanism. We have applied a
chemical box model, Regional Atmospheric Chemistry
Mechanism (RACM) (8), for the evaluation of the NO titration
technique. This RACM model includes 237 reactions, 17 stable
inorganic species, 4 inorganic intermediates, 32 stable organic
species (4 of these are primarily of a biogenic origin), and 24
organic intermediates. The reactions in the model include
23 photolysis reactions. We assumed four model air masses
for sampling, that is, “polluted daytime (POLD),” “polluted
nighttime (POLN),” “remote daytime (REMD)”, and “remote
nighttime (REMN)” for the validation of NO titration
technique. Table 1 shows composition of the atmospheric
constituents used in this study, for the polluted and remote
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air masses during day and nighttime. The daytime concen-
trations of chemical species in polluted and remote air were
assumed on the basis of the references in ref 9. The polluted
air is characterized by high concentrations of NOx, CO, and
nonmethane hydrocarbons (NMHCs). In contrast, the remote
air is characterized by low NOx levels, high concentrations
of biogenic VOCs, and their oxidation products. Steady-state
conditions of HOx and NOx in the daytime (POLD and REMD)
were established by running the model for 20 min in the
presence of solar radiation, whereas polluted and remote air
in nighttime (POLN and REMN) was simulated by processing
the model for 60 and 20 min without solar radiation,
respectively. The 60 min run was required for the POLN case
so that the NO3 concentrations builds up to those similar to
the ambient environment. In the real environment, diurnal
variations of NOx and NMHCs are usually seen depending
on the variation in their emission rates and in meteorological
condition. However, in this model, the variation was not
considered except for some compounds whose relative
abundance becomes unrealistic. This simplification makes
the comparison between daytime and nighttime cases more
meaningful. In the REMN case, the isoprene concentrations
were set to be zero, because they are completely depleted.
The emissions of monoterpenes are less sensitive to light
intensity, and their concentrations are found to be high during
nighttime (10); therefore, the concentrations of monoter-
penes were not modified. In the case of simulated polluted
air, nighttime O3 was set to be much lower than daytime as
is usually observed in urban atmosphere.

All the model studies here were conducted at 1 atm, 298
K. The concentrations of O3, OH, NO3, and other chemical
species were recorded every 100 ms to obtain their time

profiles in a virtual sampler. In this model, NO is assumed
to be mixed with sample air completely just after the
introduction of NO gas; therefore, the transient conditions
of the air accompanying the gradient of NO concentrations
were not taken into account. In experiments with NO
addition, resulting increase of NO levels in the sample air are
presented in text and figures. The results are presented for
the first 10 s.

Fundamentals of the NO Titration Technique. A large
reactivity of NO with O3 is well-known, which is an important
loss process of O3 in the atmosphere.

During nighttime in heavily polluted areas, a depletion of O3

(nearly to 0 ppb) is sometimes observed after sunset due to
the high NOx levels and the consequent rapid reaction 1.
Basically, the NO titration technique for O3 enhances this O3

destruction by introducing an excess amount of NO to the
sample air, thus eliminating O3 in the order of seconds or
less.

The OH scrubber which is different from the O3 scrubber
has not been used for most of the sampling method. This is
because the lifetime of OH is short, whose production is
initiated with the formation of O(1D) via the photolysis of O3

followed by the reaction with water vapor. The photolysis
does not proceed in the absence of light (i.e., in the sampler).
Furthermore, a wall loss of OH can also be expected in the
sampler. However, as will be discussed in the Results and
Discussion section, this study demonstrates that the presence

TABLE 1. Initial Concentrations (ppbv) of Chemical Species Used in the Models

polluted remote

species POLD POLN REMD REMN

Inorganics
O3 67 34 40 40
H2O2 2.0 2.0 2.0 2.0
CO 1000 1000 200 200
H2O 1 × 107 1 × 107 1 × 107 1 × 107

SO2 4.9 5.0 0.2 0.2
NO 2.7 7.5 × 10-4 9.1 × 10-2 0
NO2 11 13 0.28 0.47

Alkanes
CH4 1700 1700 1700 1700
ETH (ethane) 11 11 0.53 0.53
HC3 (low-reactive alkanes) 85 86 4.3 4.3
HC5 (middle-reactive alkanes) 17 18 0.87 0.88
HC8 (high-reactive alkanes) 4.8 5.0 0.24 0.25

Alkenes
ETE (ethene) 5.8 5.9 0.29 0.30
OLT (terminal olefins) 0.35 0.34 0.16 7.8 × 10-2

OLI (internal olefins) 8.1 × 10-2 0 2.7 × 10-2 7.3 × 10-3

ISO (isoprene) 0 0 1.6 0
API (R-pinene) 0 0 1.1 1.1
LIM (d-limonene) 0 0 0.38 0.45

Aromatics
TOL (toluene) 11 11 0.55 0.56
XYL (xylene) 1.5 1.8 7.6 × 10-2 7.8 × 10-2

Carbonyls
HCHO 12 12 0.79 0.61
ALD (higher aldehydes) 10 10 0.72 0.58
MACR (methacrolein) 0 0 0.25 0.10
KET (ketones) 40 40 2.1 2.0

Radicals
HO2 9.8 × 10-3 2.9 × 10-3 1.5 × 10-2 1.2 × 10-3

HO 2.0 × 10-4 6.9 × 10-7 6.5 × 10-5 2.5 × 10-5

NO3 2.9 × 10-4 7.6 × 10-2 1.6 × 10-5 4.8 × 10-5

NO + O3 f NO2 + O2

k (298 K) ) 1.8 × 10-14 cm3 molecule-1 s-1 (1)
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of HO2NO2 in polluted air, which is known as a reservoir of
HOx and NOx, can lead to the formation of HO2 in the sampler,
followed by the formation of OH through the reaction with
NO. Furthermore, the O3-olefin reaction is also important
for the formation of HO2, particularly during nighttime (11,
12). If a sufficient amount of NO is present, then OH is formed
even at nighttime in the atmosphere.

When a sufficient amount of NO is introduced to the
sample air, the elimination of OH with NO proceeds as

In the case of OH, some other processes are also important
as a sink of OH in the sampler. For instance, NO2 formed by
the reaction of O3 with NO also scavenges OH by

However, addition of NO to the sample air also enhances the
formation of OH by

The net production or loss of OH depends on the amount
NO added and the chemical composition of the sample air,
which will be discussed in the Results and Discussion section.

Although rarely discussed, NO3 radicals may also lead to
the formation of chemical artifacts during air sampling. The
reaction of NO with NO3, whose reactivity is high, can also
be useful to eliminate NO3 radicals in the sample air.

Possible Artifacts of the NO Titration Technique. In the
NO titration technique, concentrations of NO and NO2 are
increased artificially. Therefore, NOx should not react with
the compounds collected in the sampling device. There are
a few studies that are relevant to the interference of NOx

during atmospheric air sampling. Karst et al. (13) studied
interference of NO2 in the determination of aldehydes and
ketones by sampling on 2,4-dinitrophenylhydrazine (DNPH)-
coated solid sorbent and reported that the reaction of DNPH
with NO2 results in 2,4-dinitrophenyl azide. This causes a
degradation of the DNPH reagent and thus overlapping of
an HPLC peak of the DNPH derivative with other peaks.
However, they conducted the experiments in very high NO2

concentration levels (500 ppmv) and did not report the
reactions of NO2 with aldehydes, ketones, or their DNPH-
derivatives. Hanson et al. (14, 15) found that Tenax and XAD-2
are prone to form artifacts upon exposure to elevated levels
of NOx (460-810 ppmv). They also measured the reactivity
of NOx at high concentrations and only reported the reaction
of NOx with adsorbents, not with the organics being collected.

Such artifacts due to the reaction with NOx are not likely
to cause problems at lower concentrations of NOx. Sirju and
Shepson (7) investigated the interference of NO addition to
the sample air for DNPH sampling of aldehydes. They
concluded that NO, at the concentrations present in the
reaction vessel, as well as above the urban maximum
concentrations, does not interfere with the determination of
formaldehyde. As far as we can judge from the artifacts of

NOx reported so far, the NO titration technique is applicable
and very useful for the collection of a variety of organic
compounds using many sampling systems.

Results and Discussion
Scavenging of O3 by NO Addition. In view of sampling of
organic compounds, the presence of O3 could lead to negative
artifacts for compounds with double bonds and to positive
artifacts for some compounds that can be produced via the
O3 oxidation of unsaturated organic precursors. Figure 1
shows the concentrations of O3 as a function of time for the
POLD case. The O3 concentration slowly decreases with time
without addition of excess NO (0 ppmv) due to the reaction
of O3 with NO that is present in the ambient air. The greater
the amount of NO mixed with the sample air is, the more
quickly the O3 concentration decreases with time. In the other
three model cases (POLN, REMD, and REMN), the changes
in O3 concentration with time are negligible without addition
of excess NO (not shown). The time profile of O3 by addition
of excess NO is similar to that for the case of POLD, but the
rate of O3 decay is slightly slower because of the absence of
initial NO in the ambient air.

Relative importance of formation and loss processes of
O3 was investigated by these model runs. In the cases of
POLD and POLN, regardless of whether NO is added to the
sample air or not, more than 99% of the O3 loss within the
first 10 s is due to the reaction with NO. The rest of the O3

loss is due to the reactions with NO2, OH, HO2, and olefins.
In the cases of REMD and REMN with excess NO of 2 ppmv,
the O3 loss is almost entirely regulated by the reaction of O3

+ NO, whereas without NO addition, the O3 concentrations
does not change significantly even in 10 s. In this case, the
slight decrease of the O3 concentrations is due to the O3 +
olefin reactions (98%). In all the simulated cases, there is no
O3 formation in the sampler because O3 can be formed only
in the presence of light. These results confirm that O3

reduction with NO is nearly accomplished at a rate of reaction
1.

Possible Presence of Large Amount of OH in the Sampler
and the Importance of HO2NO2. Prior to showing the results
of OH scavenging by NO addition, a possible presence of a
large amount of OH in the sampler without addition of any
scavenger is discussed here. In a real sampling system,
deposition of compounds on the inner wall of the sampler
would alter the results obtained in this study. Unstable species
such as OH and NO3 radicals would easily react on the inner

OH + NO 98
M

HONO

k (298 K, 1 atm) ) 7.4 × 10-12 cm3 molecule-1 s-1 (2)

OH + NO2 98
M

HNO3

k (298 K, 1 atm) ) 8.8 × 10-12 cm3 molecule-1 s-1 (3)

HO2 + NO f OH + NO2

k (298 K) ) 8.1 × 10-12 cm3 molecule-1 s-1 (4)

NO + NO3 f 2NO2

k (298 K) ) 2.6 × 10-11 cm3 molecule-1 s-1 (5)

FIGURE 1. The time dependence of O3 concentration with and without
NO addition, in the case of polluted air sampling at daytime (POLD).
Open circles show results without NO addition, whereas solid circles
(0.1 ppmv of NO), open squares (0.5 ppmv), solid squares (2 ppmv),
and triangles (10 ppmv) show the results with NO addition. Indicated
mixing ratios for NO are the resulting excess NO levels after mixing
of NO with the air sample.
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wall of the sampler and be lost from the sample air stream.
Therefore, a preliminary test has also been conducted to
verify the influence of the deposition on inner walls.

Figure 2 shows the time profile of OH concentrations
calculated by models for the case of POLD without (circles)
and with wall loss processes for radicals (OH, HO2, NO3, and
24 organic intermediates) when the first-order decay rate
constant due to wall losses (kwall) is 1 s-1 (squares). The OH
concentrations decrease by 50% in 10 s without the wall loss
processes of radial species. This decay is apparently insuf-
ficient to suppress the oxidation of organic compounds by
OH. In contrast, there is a decrease in OH concentrations
with the wall loss process of radicals on the inner surface of
the sampler. With the decay rate constant of 1 s-1 (i.e. the
e-folding time is 1 s), the OH concentrations are up to five
times lower than those in the case without deposition
processes. To evaluate the sensitivity of OH concentrations
to the wall loss processes in the sampler, time profile of OH
were calculated with various wall loss rates. The OH decay
relative to the base case without wall loss of radicals in the
POLD case is plotted as contours in Figure 3. With wall loss
processes, the decrease of OH relative to the base case
(without wall loss) becomes larger with time in first 1 s, but

the difference comes to be constant after 1 s, suggesting the
presence of substantial amount of OH even when wall losses
of radicals can be expected in the sampler. To expect that
OH becomes 1/100 of the ambient concentration in the first
10 s, the wall loss rate kwall has to be more than 10 s-1.

To convert the wall loss rates to the corresponding
geometry of the sampler, a characteristic length is presented
in Figure 3. This parameter is defined by

where Dg is diffusion coefficient of the radical species, which
is typically about 0.1 cm2 s-1 under normal condition, and
kwall (s-1) is a removal rate constant by the wall loss. This
characteristic length corresponds to the diffusion length of
gaseous molecules in τ s. If the uptake coefficients of radicals
on walls are unity, this characteristic length can be compared
with geometry of the sampler, such as diameter of sampling
tubes. The uptake coefficients may be less than unity on
many types of materials; therefore, the characteristic length
here gives an upper limit of the corresponding geometry of
the sampler.

The reason OH is present at high concentrations for a
long time, even with the deposition process of radicals, can
be explained by the presence of OH formation pathways in
the sampler. The most important OH source for the POLD
case was found to be the thermal dissociation of peroxynitric
acid (HO2NO2) by

HO2NO2 has been suggested as a reservoir for NOx and
HOx and reported to be present in measurable concentrations
at the South Pole (16). The thermal lifetime of HO2NO2 at 1
atm and 293 K is 20.3 s (17). Particularly in the atmosphere
with high NOx levels, the amount of HO2NO2 is high enough
as an important HO2 source in the sampler, which is
accompanied by OH formation due to the reaction of HO2

+ NO. The OH concentrations are reduced by including the
deposition process of HO2NO2 into the model. The solid
squares in Figure 2 represent the time profile of OH
concentrations with the wall loss processes of HO2NO2 as
well as radicals at a decay rate of 1 s-1. As can be clearly seen,
the OH concentrations decrease more rapidly than in the
case without the wall loss of HO2NO2.

The fate of HO2NO2 in the sampling system is somewhat
uncertain. If HO2NO2 is transformed to other chemical species
heterogeneously on the wall of the sampler, the deposition
could act as an efficient sink. However, laboratory studies
have shown that HO2NO2 is taken up only physically by the
surface of liquid sulfuric acid without undergoing irreversible
reactions, implying a stability of HO2NO2 on the walls of the
sampler (18). Furthermore, if the dissociation of HO2NO2 on
the inner wall is followed by the release of HO2 to the gas
phase, deposition of HO2NO2 cannot be expected as its
important loss process which reduces HO2 formation.
HO2NO2 may behave as an adsorptive compound like HNO3

(19). In this case, the net deposition rate is determined by
both adsorption and desorption rates, and the net adsorption
rate decreases with increasing time of sampling. The
sensitivity of the OH concentrations to the extent of wall loss
of HO2NO2 was evaluated in the case of POLD, including the
processes that all radical species are deposited at a rate of
1 s-1, whereas wall loss rates of HO2NO2 are 0.1-100% of
those of radicals. Figure 4 presents the amount of OH with
HO2NO2 loss process relative to that without HO2NO2 loss.
When HO2NO2 loss is at a rate of kwall ) 1 s-1, HO2NO2 loss

FIGURE 2. The time dependence of OH concentrations in the case
of polluted air sampling at daytime (POLD). NO is not added in the
runs. The plots show results without any deposition process (circles),
with deposition of radical species at decay rates of 1 s-1 (open
squares), and with wall loss of HO2NO2 as well as radical species
at a decay rate kwall ) 1 s-1 (solid squares).

FIGURE 3. Abundance of OH with wall loss of radicals relative to
that in the base case without any wall losses. Results from the case
of polluted air in daytime (POLD) are presented. See text for
explanation of characteristic length.

l ) x2Dgτ, τ ) 1/kwall (6)

HO2NO2 T HO2 + NO2

Keq (298 K) ) 6.2 × 1010 molecule cm-3 (7)
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leads to the further decrease of OH up to a factor of 10,
whereas HO2NO2 loss leads to a negligible effect on the OH
at lower decay rate of HO2NO2. In another experiment (not
shown) where wall loss rates of radical species are 10 s-1,
similar results were obtained for the influence of HO2NO2

loss; i.e., the HO2NO2 loss is important for OH at above 1 s-1

of HO2NO2 loss.

In the case of REMD, the thermal dissociation of HO2-
NO2 was found not to be as important as the HOx source
because of low HO2NO2 levels. However, oxidation of bio-
genic alkenes with O3 can in turn be a major HOx source in
the sampler. Different from the POLD case, their concentra-
tions are not influenced by the wall loss process of radicals
because O3 and olefins are not fluctuated by the presence of
radicals in the sampler. Because both O3 and olefins are
unlikely lost directly by deposition on walls in many types
of real sampling system, the reduction of OH is possible by
removal O3 or olefins. This suggests that O3 elimination is
also important for reducing OH concentrations in sample
air with high concentrations of olefins such as isoprene and
terpenes.

Scavenging of OH by NO Addition: Daytime Sampling.
The presence of the OH radical could be a potential problem
during daytime sampling, particularly when sufficient dead
volume of the inlet with a shade (where the residence time
of air is at least about 100 s in the case of polluted air sampling)
is not considered or when large amounts of unsaturated
organic compounds are present with some NO. In the latter
case, OH radical is formed continuously via the oxidation of
olefins by O3, even in the absence of light. As explained in
the Experimental Section, addition of NO to the sample air
enhances both formation and loss of OH. Time profiles of
OH concentrations in the cases of daytime sampling (POLD
and REMD) with addition of NO were calculated and
presented in Figure 5a,b. When 100 ppbv of NO is added to
the sample air, in both POLD and REMD cases, the OH
concentrations becomes higher than the base case (without
NO addition) in first few seconds. On the other hand, when
a larger amount of NO (0.5, 2, and 10 ppmv) is added to the

FIGURE 4. Abundance of OH with wall loss of HO2NO2 relative to
that in the case without its wall loss. Wall loss rate constants of
radials are fixed to be 1 s-1. Results from the case of polluted air
in daytime (POLD) are presented.

FIGURE 5. The time profiles of OH in polluted (a and c) and remote (b and d) air sampling at daytime (a and b) and nighttime (c and d).
The plots show results without NO addition (open circles) and with NO addition of 0.1 ppmv (solid circles), 0.5 ppmv (open squares), 2
ppmv (solid squares), and 10 ppmv (open triangles), respectively. Indicated mixing ratios for NO are the resulting excess NO levels after
mixing of NO with the air sample.
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sample air, the OH levels became systematically lower than
the base case without NO addition. Therefore, the loss of OH
can be efficiently accelerated by excess NO, which results in
the reduction of OH concentrations.

Relative contributions of formation and loss of OH with
and without addition of NO (2 ppmv) are presented in Table
2. Without NO addition, HO2 + NO (POLD 97%, REMD 62%)
and O3 + olefins (REMD 38%) are the dominant process for
the formation of OH in the cases of POLD and REMD,
respectively. In the case with NO addition (2 ppmv), HO2 +
NO is the predominant process for the formation of OH in
the sampler (>99%) both in POLD and REMD cases. Without
NO addition, the OH sinks are OH + NO, OH + NO2, OH +
NMVOCs, and OH + CO. With NO addition (2 ppmv), the
loss processes of OH are characterized by the reactions, OH
+ NO, OH + NO2, OH + NMVOCs, and OH + CO. The
enhancement in OH level when 100 ppbv of NO is added
(Figure 5) is because formation of OH by HO2 + NO exceeds
the loss of OH by OH + NO. This suggests an importance of
choosing appropriate NO levels that will not induce artifacts
due to OH.

Scavenging of OH by NO Addition: Nighttime Sampling.
The OH concentrations in the polluted and remote air during
nighttime are lower than those during daytime, but there
still may be a significant amount of OH. As explained earlier,
nighttime OH is due to the reaction of O3 with unsaturated
organic compounds (11, 12). Paulson and Orlando (11)
estimated that the alkene-O3 reaction could be the dominant
nocturnal HOx source at a rural forest site in the United States,
accounting for 20-25% of the total HOx production even
over a full diurnal cycle. Kanaya et al. (12) measured a
nighttime HO2 concentration of 2 pptv by the laser induced
fluoresence technique. The presence of HO2 also leads to the
formation of OH by the HO2 + NO reaction in the atmosphere.
Figure 5c,d presents the model results for nighttime sampling
(POLN and REMN). In the case of REMN without NO addition,
the OH concentrations remains high (Figure 5d). Although
this value is lower than that in the daytime, OH concentrations
less than 106 molecule cm-3 could still be a problem for the
measurement of some compounds. For instance, the lifetimes
of isoprene, R- and â-pinenes in the gas phase are all within
24 h in the presence of OH at 2 × 105 molecules cm-3.
Although the nature of the organic species collected in the
sampler is different from what it is in the gas phase, the short
lifetimes of the species in the gas phase indicate a potential
importance of the OH oxidation in the sampler.

In the POLN case, the OH concentrations with NO addition
are higher in 10 s than those with its absence (Figure 5c)
except when 10 ppm of NO is added. As seen in the figure,
the time profile of the OH concentration with addition of NO
is similar to that of daytime case (POLD). This means a
potentially negative effect of the NO titration technique that
should be examined carefully. With the NO concentration of

10 ppmv, the OH concentrations readily (<1 s) become as
low as the case without NO addition. In a REMN case, the
NO addition seems to work out for reducing OH concentra-
tion in the sampler except for the first 2 s of the 100 ppbv
NO addition.

Relative contributions of formation and loss processes of
OH in the cases of nighttime sampling are presented in Table
2. Without NO addition, the reactions of HO2 + NO3 (84%)
and O3 + olefins (>99%) serve as the dominant OH source
for the cases of POLN and REMN, respectively. With NO
addition (2 ppmv), formation of OH is enhanced by the
reaction HO2 + NO, and this reaction becomes the pre-
dominant process for the formation of OH (>99%) in both
POLN and REMN cases. Without NO addition, the loss
processes of OH are characterized by the reaction of OH +
NO2, OH + NMVOCs, and OH + CO. On the other hand, in
the case with NO addition, the loss of OH is controlled by
OH + NO, whose contributions are 86 and 96% for POLN
and REMN cases, respectively.

Scavenging of NO3 during Nighttime Sampling. NO3 is
sometimes an important oxidant that causes sampling
artifacts. Although it is generally less important for the
oxidation of organic compounds in the air, NO3 has a longer
lifetime than OH in the absence of light (i.e., in the sampling

TABLE 2. Estimated Relative Contributions (%) of Sources and Sinks of OH in the Sampling Device to Be Useda

without NO addition with NO addition (2 ppmv)

reactions POLD POLN REMD REMN POLD POLN REMD REMN

Sources
HO2 + NO 97 2 62 >99 >99 >99 >99
O3 + olefins 13 38 >99
HO2 + NO3 84

Sinks
OH + NO 84 86 94 96
OH + NO2 10 12 2 6 4 2 1
OH + NMVOCs 67 66 83 72 7 7 4 2
OH + CO 19 19 11 18 2 2

a Values larger than 1% are presented. POLD: polluted, daytime; POLN: polluted, nighttime; REMD: remote, daytime; REMN: remote, nighttime.

FIGURE 6. The time dependence of NO3 concentration with and
without addition of NO in the case of polluted air sampling at
nighttime (POLN). The open circles show results without NO addition,
whereas results with NO addition are shown in solid circles (0.1
ppmv of NO), open squares (0.5 ppmv), solid squares (2 ppmv), and
triangles (10 ppmv). Diamonds show results including NO3 deposition
process at a wall loss rate of 1 s-1 (NO was not added). Indicated
mixing ratios for NO are the resulting excess NO levels after mixing
of NO with the air sample.
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apparatus). Therefore, NO3 could potentially oxidize organic
compounds that are collected by the sampler. In this model
study, the NO3 concentration in air is high only in the polluted
air at nighttime (POLN); therefore, only the results obtained
from the POLN case are shown in Figure 6. The time profile
of NO3 concentrations with deposition processes of radicals
at a decay rate of 1 s-1 is also presented. Similar to the case
of OH radicals, the deposition shows a limited effect in the
decrease of the NO3 concentration. This is due to the shift

in the equilibrium as follows.

The response of NO3 concentrations in decay rates of
radicals and atoms by wall losses relative to the base case
(without wall loss process) was examined (the results are not

FIGURE 7. The contour plots of O3 (a and b), OH (c and d), and NO3 (e) concentrations as functions of NO concentrations and time in polluted
(a, c, and e) and remote (b, d) air. Wall loss processes are not considered in the cases a-e. Abundance of OH with wall loss of radicals
(kwall ) 1 s-1) relative to that in the base case without any wall losses are presented in the cases of (e) POLD and (f) REMD. The indicated
mixing ratios for NO (y-axes) are the resulting excess NO levels after mixing of NO with the air sample. POLD: polluted, daytime; POLN:
polluted, nighttime; REMD: remote, daytime.

N2O5 T NO2 + NO3

Keq (298 K) ) 3.4 × 1010 molecule cm-3 (8)
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shown here). The decrease in NO of a factor of 10 from the
base case corresponds to a wall loss rate of radicals kwall )
3 s-1. When the wall loss rates of radicals are 0.1 and 10 s-1,
the decrease in NO3 relative to the base case (without wall
losses) are 20% and a factor of 100, respectively.

As seen in Figure 6, in contrast, addition of NO is very
effective in reducing NO3 concentrations, due to the reaction
5. Without NO addition, removal of NO3 is controlled by the
combination with NO2 to form N2O5, which rapidly decom-
poses to result in NO3 again. With addition of NO (2 ppmv),
the reaction of NO + NO3 accounts for more than 99% of the
loss of NO3 in the sampler, which overwhelms the formation
of NO3 from N2O5. The prediction of initial NO3 and N2O5

levels in this model may be biased by the lack of hetero-
geneous processes such as hydrolysis of N2O5, but the general
behavior of NO3 in the sampler should be well presented.

Application of NO Titration to Real Organic Gas and
Aerosol Sampling. As expected from the results described
above, the required concentration of NO depends on the
time that the sample air is in contact with an excess NO
before the target organic compounds are collected. Two
alternative means are proposed here to reduce oxidants
effectively: (1) adding NO up to the concentration of several
ppmv and (2) attaching a “dead” volume to the sampling
line so as to increase the time for reaction. For sampling at
fixed stations instead of mobile platforms, exhaust emitted
from the sampler may perturb the ambient air within the
sampling site. In particular, when NO was added to titate
oxidants in the sample air, NOx in the exhaust strongly alter
the oxidation cycle in the surrounding air. To avoid this
problem, an NOx scrubber should be attached to the outlet
of the sampling system. High concentrations of NO signifi-
cantly reduce the lifetime of the scrubber, which is another
limitation for the amount of NO that can be added to the
sample air. Increase in the “dead” volume within the sampling
line is another option, but it may enhance the surface area
of the line, causing more risks of the deposition of target
compounds on the inner wall of the sampler. Furthermore,
the geometry of the sampler may be limited depending on
sampling platforms.

Due to such limitations, appropriate setting of excess NO
concentrations and the sampling-line volume should be
carefully chosen for each sampling apparatus. Figure 7
presents a summary of the results of this study, which can
be used as a guide for choosing appropriate NO concentra-
tions for removing oxidants. Results from daytime sampling
of polluted and remote air are chosen as representatives of
O3 and OH scavenging tests, and results from nighttime
sampling of polluted air are chosen for NO3 reduction.
Although the model calculations were conducted for very
limited cases, the results from the polluted and remote air
well represent the general behavior of the O3, OH, and NO3

concentrations after the NO addition. The differences in OH
concentrations when wall loss of radicals (kwall ) 1 s-1) is
taken into account are also present in Figure 7f,g for the
cases of POLD and REMD, respectively. As seen in the figures,
when kwall ) 1 s-1, the decreases in OH relative to the base
case without wall loss are up to factors of 5 and 30 for POLD
and REMD, respectively. Apparently, in many cases in Figure
7c,d, the decrease of OH (see Figure 7f,g) is still not sufficient
to reduce OH to the level in which chemical artifacts are
negligible.

Here we present examples of a sampling apparatus to
which NO titration technique is applied. Our group is testing
addition of 2 ppmv of NO (0.5% NO was added to the air
flow) to the sample air for collecting VOCs using annular
denuder system. 300 cm3 of “reaction cell” was set in front
of the denuder so as to increase the reaction time of NO with
oxidants. With a sampling flow rate of 10 L min-1, the reaction
time added is about 2 s. The total reaction time included in

the sample tube is then about 3 s. As seen in Figure 7c,d, the
OH concentrations can be expected to decrease to less than
106 molecule cm-3 in 3 s in the system, and O3 and NO3 levels
also become sufficiently low (Figure 7a,b,e). Another example
is an impactor sampling of aerosols. Aerosol sampling with
filters might be tolerant of oxidation by OH and NO3 because
large surface areas of filters lead to rapid loss of radical species.
On the other hand, radicals may also need to be considered
in the aerosol sampling without filters such as Micro-orifice
uniform deposit impactor (MOUDI) where particles are
collected on aluminum foils.

In summary, the validity of this study is based on the
present knowledge of the photochemical processes in the
atmosphere and its applicability to the model. It has been
demonstrated that the RACM mechanism used in this study
gives practically the same results with some other models
(20). Furthermore, prediction of OH concentrations by the
RACM mechanism is validated by chamber studies, sup-
porting the validity of the model (21). However, a prediction
on some species has not yet been validated. For instance,
the behavior of OH during the polluted air sampling may be
strongly influenced by the HO2NO2 concentration, but its
direct measurement has not been conducted so far in the
polluted areas. This means that our prediction of the OH
concentrations in the sampler still includes some uncertain-
ties. Another important point to be noted is that the response
of target organic compounds to the oxidants may depend on
the types of adsorbents or filters used for sample collection.
Further studies are required for better assessment of the NO
titration technique. For example, a combination of the model
calculation and the experiments with a real sampling system
including measurement of radical species and target organic
compounds, should be useful to determine the effectiveness
of this method.
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