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Abstract

Nitrogen dioxide is an important atmospheric contaminant, classified as a criteria pollutant in the United States. It can be
sensitively determined by the simple colorimetric Griess–Saltzmann method. This can constitute the basis of an inexpensive
sensitive instrument based on gas-permeable liquid core waveguide tubes that allow long path absorbance measurement.
Nitrous (HONO) acid is often present in the atmosphere along with NO2. Nitrous acid concentration can be significant relative
to NO2, especially at night-time when photodecomposition of HONO is no longer operative. Griess–Saltzman chemistry cannot
differentiate between HONO and NO2. In the present paper, we have explored the possibility of simultaneously determining
both analytes by using more than one collector with dimensional differences. Presented results show that differences in either
length or wall thickness can permit such differentiation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitrogen dioxide (NO2) and nitrous acid (HONO)
play very important roles in atmospheric chemistry
of nitrogen compounds. Cobb and Braman have pro-
vided a detailed review of the relationship between
HONO and nitrogen oxides in the atmosphere [1];
however, the levels of day-time nitrous acid reported
by these authors may be too high. Lammel and Cape
have reviewed the occurrence and chemistry of atmo-
spheric HONO and nitrites [2]. Harrison et al. have
provided an thoughtful discussion of the tropospheric
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cycling of HONO [3]. The concentration of nitrite in
orographic clouds has been taken as an indicator of
HONO in rural air [4]. It has long been known that
HONO is photolyzed by light (λ < 390 nm) and is
thus a major source of the hydroxyl radical (•OH).
Because of this destruction by sunlight, HONO levels
exhibit strong diurnal variations [5]. Apparently for ki-
netic rather than thermodynamic reasons, automobile
exhaust contains significant concentrations of HONO
[6], so HONO concentrations can be very high inside
automobiles [7]. HONO is also produced from atmo-
spheric reactions of NO2 [8,9]. Although hydrolysis
of NO2 is slow [10], it may be catalyzed by surfaces;
enhanced formation of HONO during foggy periods
has been observed [11]. Current research indicates that
atmospheric production of HONO from NO2 may be
mediated by carbonaceous particles [12–14]. There is
considerable concern about the health risks for both
NO2 and HONO [15,16]. Personal exposure to HONO
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is considerably higher indoors rather than outdoors
[17–19]; open flame sources produce HONO in a sig-
nificant manner [20].

In principle, it should be possible to measure both
HONO and NO2 by direct absorption spectrometery.
Although HONO has commonly been measured by
long path differential optical absorption spectrome-
try (DOAS) [5,21–25], NO2 is rarely measured this
way. Routine utility of DOAS is deterred by the rel-
atively high instrument cost. Rodgers and Davis [26]
pointed out other limitations of DOAS and proposed a
photofragmentation, laser-induced fluorescence tech-
nique. Unfortunately, this technique is also very capital
intensive. In the United States, NO2 is one of the crite-
ria air pollutants. Gas phase chemiluminescence (CL)
by a difference technique is the most often used among
the officially approved methods. Nevertheless, the gas
phase CL-based instruments are unable to distinguish
between NO2 and HONO and have other interferences
as well. There is a keen interest on the part of regu-
latory agencies to have an affordable instrument that
will not be subject to such errors [27]. In suburban air,
NO2 and HONO levels are generally well correlated
but in rural air the HONO/NO2 ratio tends to be higher
when the NO2 concentration is more than 10 ppbv [3].

Alkaline sorbent-coated denuders provide an af-
fordable means to measure HONO (but generally, it is
not so attractive to measure NO2 in this way because
of the difficulty in achieving quantitative collection),
a technique pioneered by Ferm and Sjodin [28] and
followed by many others [29–34]. Good agreement be-
tween DOAS and denuder measurements has been re-
ported [33,34]. Alkaline sorbent-coated denuders are,
however, subject to artifact production of nitrite me-
diated by the alkaline denuder surface [32,35] or from
negative errors due to the O3-induced oxidation of the
nitrite [36,37]. Several wet denuder/diffusion scrub-
ber approaches, coupled to ion chromatography, have
been developed. These provide measurements for both
HNO3 and HONO that are much less subject to error
[38–41]. The results obtained with these methods in-
dicated a small but persistent level of daytime HONO.
Initially many believed that these were measurement
artifacts [2], but other recent considerations indicate
that such levels should actually be expected [3].

In the context of sensitive and affordable techniques,
the classical Griess–Saltzman (GS) method [42] has
been and is still widely used for the measurement

of NO2 [43]. The reagent cocktail contains sulfanilic
acid andN-(1-naphthyl)ethylenediamine in a medium
acidified with acetic acid. NO2 is reduced to HONO
upon hydrogen abstraction from a donor molecule
in the reagent and the HONO then diazotizes sul-
fanilic acid. This is followed by subsequent coupling
with N-(1-naphthyl)ethylenediamine dihydrochloride
to form an azo dye. Obviously, if the method relies
on the formation of HONO, it cannot distinguish NO2
from HONO.

In recent years, liquid phase optical absorption
based methods have received a most welcome boost
with the commercial availability of Teflon® AF, a
transparent fluoropolymer that has a refractive index
less than that of water throughout the UV–VIS range.
Tubes of this material can be used as liquid core
waveguides (LCWs) that carry light with very little
loss to the wall and as a result, long path absorption
spectroscopy in the liquid phase has become practical
[44–46]. Since Teflon® AF tubing is highly perme-
able to many gases, one approach is to use the Teflon
AF tube both as the gas permeable cell and the long
path absorption cell. It has been shown that such
very simple devices respond to NO2 with sufficient
sensitivity for ambient air measurements [47].

The overall response of a gas permeable LCW is
dependent not only on the chemistry, but also on the
rate of permeation of the analyte gas through the tube.
The permeation rate is thus dependent on factors that
include the following: (a) the solubility of the gas in
the polymer, (b) the diffusion coefficient of the an-
alyte through the polymer, and (c) the rate at which
the analyte is consumed by the interior solution. Even
though NO2 and HONO both respond to GS chemi-
stry, these two analytes are not likely to behave in
an identical fashion regarding the above properties.
Can one discriminate between these gases based on
the use of more than one gas permeable LCW device
with, say, differing length or wall thickness, which
will modulate the mass transfer differently? A gas
permeable LCW coupled to a light emitting diode
based absorbance detector can be constructed so in-
expensively that several can be operated for the cost
of one gas phase CL detector.

The object of this paper is thus to investigate if
HONO and NO2 can be simultaneously measured
by using two gas permeable LCW devices and to
delineate the limits of such an approach.
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2. Experimental

2.1. Materials

Annular tubular devices of Teflon AF with optical
fibers communicating to an AF tube through which
liquid can flow and around which gas can be sampled
were constructed essentially in the same fashion as
described previously [47]; only a brief description
follows. Two concentric tubes form the annular de-
vice: a Teflon AF 2400 capillary inside and a glass
tube outside. Absorbent solution flows inside the AF
capillary through a set of tees; the gas sample flows
through another set of tees in the annular space. Tech-
nical grade acrylic optical fibers (0.75 mm diameter,
Edmund Scientific, Barrington, NJ) that could be
inserted into the particular AF capillary were used;
one to bring the source light to the device and the
other to carry the transmitted light to the detector.
Devices were built with Teflon AF 2400 capillaries
(o.d. 1.092 mm; i.d. 0.848 mm, Biogeneral Inc., San
Diego, CA) with different active lengths (77, 100,
150, 227 and 277 mm, device type A). One 180 mm
active length device, with an o.d. of 1.092 mm and an
i.d. of 0.787 mm was also built (device B).

2.1.1. Electronics
A super luminescent green LED (Nichia 590S,

495 nm center wavelength, driven at 20 mA, www.
nichia.com) was used as the light source. The LED
was equipped with a photodiode (BPW 34, Siemens
AG) cemented to its bottom and a similar photo-
diode was affixed to the free terminus of the exit fiber
from the AF device. The photocurrent outputs were
directly fed to a log ratio amplifier to generate the
absorbance output [48] and the data were acquired
with a Keithley–Metrabyte DAS 1601 12-bit data
acquisition card and processed by software written
in-house.

2.1.2. Gas sources
Nitrogen dioxide was generated from a permeation

tube source maintained at 30◦C. HONO was generated
from a solid NH4NO2-based source [49] with a very
low flow of dry N2 (5–25 ml min−1) through the source
maintained at 0◦C. The ammonia in the output was
removed with a perfluorosulfonate Nafion® resin in
the hydrogen form.

2.1.3. Generation of mixtures of NO2 and HONO
The primary flow through the NO2 permeation tube

chamber was held constant at 250 ml min−1 metered
by mass flow controllerF1. The exit flow was directed
through a tee. The main downstream exit flow was
put through a narrow bore PTFE tube representing a
restriction while the vent flow through the tee arm
was controlled by a needle valve N1 and measured by
mass flow meterF2. The HONO source flow (F3 ∼
5 ml min−1) and the net NO2 flow (F1 − F2) were
introduced into a mixing bottle containing a vent port
and a further dilution flowF4 and two sampling ports
(see Fig. 1).

With a permeation rate ofR (ng min−1) for the
NO2 source, the final NO2 concentration is given by
(F1−F2)R/(F1(F1−F2+F3+F4)) ng ml−1 (the flows
Fi are given in ml min−1). The NO2 concentration was
changed by changingF2. With an HONO equilibrium
concentration ofC (ppbv) at the source, final HONO
concentration is given by CF3 (F1 − F2 + F3 + F4).
The HONO concentration is changed primarily by
changingF3.

2.1.4. Reagent
The GS reagent was made according to the standard

formulation [43].

2.2. Methods

2.2.1. Collection efficiency
The collection efficiency of any given device (e.g.

a bubbler or an AF tube-based collector) for a given
gas can be measured by using two collectors in series.
As long as we operate in the domain where the blank
corrected absorbance in a given device is linearly
proportional to the analyte collected, the collection
efficiencies each of the two devices is easily com-
puted [50]. Let us imagine a bubbler and a second
collection device are connected in series and a fixed
concentration of the analyte gas passes through the
system at a fixed flow rate with the bubbler being
the upstream collector. After a fixed period of time,
the bubbler contents are spectrophotometrically mea-
sured with the blank corrected absorbance beingm1.
The upstream/downstream position of the bubbler
and the other collector are now reversed, the experi-
ment repeated and the bubbler contents now yield an
absorbance ofm2. The collection efficiency (f ) of the
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Fig. 1. Generation system for NO2, HONO and their mixtures.

other collector will be given by [50]:

f = 1 −
(

m2

m1

)
(1)

The bubbler collection efficiency for NO2 was
measured in triplicate experiments using two bub-
blers connected in series, each containing 10 ml of
Griess–Saltzman solution. A flow of 250 ml min−1

was used for 60 min with a NO2 concentration of
248mg/m3. Spectrophotometric measurements were
carried out by a Hewlett-Packard 8451A spectrometer
at 550 nm. The same procedure was employed to de-
termine the bubbler collection efficiency for HONO.
The nitrogen flow through the source was 6 ml min−1;
to this 250 ml min−1 dilution flow was merged,
resulting in a HONO concentration of 240mg m−3.
The sampling period was 60–210 min with a sampling
rate of 115 ml min−1.

2.2.2. Sampling of NO2, HONO and their mixtures
Nitrous acid, NO2 and mixtures thereof were sam-

pled in parallel by AF device B and a bubbler through
parallel streams with the sample flow rate held con-
stant at 115 and 125 ml min−1, for each stream,
respectively. As previously described [47], the GS

absorbing solution was held inside the AF device
in a stopped flow mode for the sampling duration
(60 min). The slope represented by the rate of in-
crease of the absorbance with time is considered the
response of the AF device whereas the post-sampling
absorbance of the bubbler solution (10 ml) is taken to
be the response of the bubbler. The presented results
represent the average of multiple measurements.

AF device type A of different lengths were
used to sample NO2, HONO and NO2 and HONO
mixtures.

3. Results and discussion

3.1. Collection efficiency

The ability of a bubbler to collect HONO, an eas-
ily water soluble analyte, was presumed to be very
good and the experimentally determined collection ef-
ficiency (0.9587±0.0011) borne out this expectation.
In contrast, the collection of NO2 (0.5637± 0.0353)
by a bubbler was far from quantitative. The collection
efficiencies of the AF devices were both length- and
flow rate-dependent, increasing with decreasing flow
rate and increasing length.
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Fig. 2. Calibration plot for type B AF device for HONO and NO2.

3.2. AF device response

In the stopped flow configuration and with expo-
sure to a constant concentration of the analyte, the
AF device produces a linear change in absorbance
with time and the slope of the curve is proportional to
the analyte concentration [47]. For the present 60 min
experiments, the experimental slope was calculated
from the data spanning the 20–40 min period. The
relation between the slopes obtained at different NO2
and HONO levels taken individually) and the test an-
alyte concentration is shown in Fig. 2 for device B. In
both cases, the observed slope is highly correlated to
the test concentration. The individual calibration plots
exhibit different slopes and intercepts. In the case of
HONO, the behavior is normal in that the intercept
is actually statistically indistinguishable from zero
(r2 = 0.9927). In the case of NO2, the best fit line as
shown has a small but finite intercept (r2 = 0.9845).
This indicates that the mechanism by which this an-
alyte produces the analytical signal is more complex.
In general, the conversion efficiency of NO2 to nitrite
(the active species leading to the chromogen) is taken

in standard methods to be 0.72 [43], although it has
been reported that this may be dependent on the NO2
concentration [51]. The scatter in the data precludes
a more elaborate discussion.

A set of eight experiments was then conducted with
pure NO2 and HONO and mixtures thereof ranging
from [HONO] = 0.67mmol m−3 and [NO2] = 0
to [HONO] = 0 and [NO2] = 2.68mmol m−3. The
experimental slopes (mV min−1) observed in these
experiments obeyed the relationship below with a
good correlation coefficient:

Slope= 0.978 [NO2] + 1.40 [HONO], r2 = 0.9938

(2)

The agreement between the observed slopes and
those predicted from Eq. (2) are shown in Figs. 3
and 4.

In terms of isolating the contributions of HONO and
NO2 to the overall observed result, more is needed,
however. Another dimension in the measurement de-
vice, length or wall thickness, must be brought in to
perform such a differentiation.
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Fig. 3. Observed experimental slopes vs. those predicted from Eq. (2) for mixtures of HONO and NO2.

Fig. 4. Experimental slopes of AF tubes of four different active lengths for four different gas compositions.
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3.3. Dependence of device response on length

The collection efficiency (f ) of a diffusion based
collector of the same geometry as the AF device used
in the present work follows the general diffusion based
collection equation below [52]

f = 1 − a exp

(−bDL

Q

)
(3)

wherea and b are constants,D the diffusion coeffi-
cient of the gas,L denotes the length of the tube andQ
represents the volumetric sampling rate. Such an equa-
tion is applicable unless overall collection efficiencies
are very low. The following are also considered. The
amount of analyte collected is proportional tofQ and it
is collected in a total volume of liquid within the tube
that is equal toAL whereA is the area of cross-section
of the tube. For tubes of the same diameter, the ana-
lyte concentrationC is proportional tofQ/L. Since the
observed absorbance is proportional to the product
of the optical path length and the analyte concentra-
tion, the observed slope is proportional only tof at a
constant sampling rate. Eq. (3) can thus be written as

Observed slope= A1 − A2 exp(A3L) (4)

whereAi are constants.
Type A devices of the five different lengths ranging

from 77 to 277 mm were exposed to different concen-
trations of HONO and NO2 in 48 separate experimen-
tal runs, all using a sampling rate of 115 ml min−1.
The results are presented in Table 1. As a first appro-
ximation, four different composition regimens were
used, the data for each of these are shown plotted in
Fig. 5, with the lines for each case indicating the best
fit to Eq. (4). Within the limits of the data, the general
model of Eq. (4) will appear to be appropriate.

The entire data set of Table 1 is now subjected to a
two-term model in which the contributions of NO2 and
HONO are considered additive. Further, for each of
these species the term within the parentheses connotes
basically the collection efficiency, thus

Slope= (1 − aNO2 exp(−bNO2L))SNO2[NO2]

+(1 − aHONO exp(−bHONOL))SHONO

×[HONO] (5)

Where SNO2 and SHONO, respectively, connotes the
intrinsic reaction sensitivity of the method for NO2

and HONO. Thea- andb-terms are both affected by
the specific uptake coefficient of the analyte gas by
the AF tube surface. In addition, thea-term is affected
by the specific geometry of the device (i.e. jacket tube
i.d.; this was held constant in all present experiments)
and theb-term is affected by the diffusion coefficient
of the analyte gas and the sampling rate (see Eq. (4));
the sampling rate is held constant in the present experi-
ments. Note that the collection efficiency as well as
the observed analytical slope (signal) increases with
decreasing value of thea-term and increasing value of
the b-term. The best fit values obtained wereaNO2 =
1.15, aHONO = 1.85; bNO2 = 0.05, bHONO = 0.099;
andSNO2 = 1.94, SHONO = 2.76. Note that the ratio
of the intrinsic reaction sensitivity (SNO2/SHONO) is
0.70, very close to the value of 0.72 recommended for
use in the manual methods.

The overall fits of the predicted slope values versus
the actual observed values are shown in Fig. 5. Note
that the values of thea- andb-terms indicate that the
diffusive transfer of HONO to the AF tube surface
is likely faster than that of NO2. However, once the
analyte is actually at the AF tube surface, the uptake
probability is greater for NO2 than for HONO. The
consequence of this is that at very short tube lengths,
where the depletion of the analyte in the AF surface
boundary layer is less important because the analyte
is plentiful, the collection efficiency for NO2 (fNO2)
is likely to be relatively higher thanfHONO than with
longer collection tubes. The predicted collection effi-
ciencies for NO2 and HONO are thus shown in Fig. 6.
These agree very closely with the collection efficien-
cies determined as described in Section 2.2.1.

It is possible to determine NO2 and HONO sep-
arately in a mixture if results are simultaneously
obtained from at least two different collection tube
lengths (Eq. (5) contains two unknowns in the form
of the two analyte concentrations). Greater accuracy
is likely to result by using an array of collection
tubes of different lengths and simple routines based
on minimization of least squares [53]. Experimen-
tally, it is easy to use individual LEDs as independent
sources for each member of the array, the LEDs are
inexpensive. These can be turned on one at a time
and the exit optical fibers from each of the array ele-
ments can go to the same detector and be served by
the same electronics. As a result, the cost of oper-
ating an array is not likely to be very much greater
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Table 1
Experimental data for different device lengths and gas composition

Active length of
AF device (cm)

NO2 concentration
(mmol m−1)

HONO concentration
(mmol m−1)

Experimental
slope (mV min−1)

Best fit slope
(mV min−1)

7.7 2.65 0.00 1.09 1.12
7.7 2.65 0.00 1.05 1.12
7.7 0.00 0.67 0.20 0.25
7.7 0.00 0.67 0.21 0.25
7.7 2.63 0.67 1.41 1.35
7.7 2.66 0.68 1.43 1.37
7.7 1.32 0.34 0.64 0.68
7.7 1.32 0.34 0.61 0.68

10 2.69 0.00 1.68 1.58
10 2.70 0.00 1.72 1.59
10 0.00 0.65 0.62 0.56
10 0.00 0.68 0.65 0.58
10 2.64 0.70 2.17 2.14
10 2.63 0.68 2.20 2.13
10 1.32 0.34 1.18 1.07
10 1.33 0.34 1.17 1.07
15 2.71 0.00 2.35 2.41
15 2.72 0.00 2.28 2.42
15 0.00 0.68 1.01 1.09
15 0.00 0.69 1.04 1.10
15 2.64 0.69 3.13 3.44
15 2.64 0.69 3.01 3.44
15 1.33 0.34 1.63 1.73
15 1.33 0.35 1.62 1.74
22.7 2.69 0.00 3.49 3.31
22.7 2.69 0.00 3.49 3.31
22.7 0.00 0.65 1.73 1.45
22.7 0.00 0.64 1.77 1.41
22.7 2.70 0.67 4.83 4.78
22.7 2.70 0.67 4.72 4.78
22.7 1.32 0.33 2.46 2.36
22.7 1.33 0.33 2.44 2.36
22.7 2.72 0.00 3.58 3.34
22.7 2.71 0.00 3.53 3.33
22.7 0.00 0.68 1.73 1.49
22.7 0.00 0.68 1.77 1.50
22.7 2.67 0.69 4.95 4.82
22.7 2.69 0.69 4.88 4.82
22.7 1.34 0.34 2.60 2.40
22.7 1.34 0.34 2.63 2.40
22.7 2.69 0.00 3.69 3.73
22.7 2.69 0.00 3.70 3.73
22.7 0.00 0.72 1.59 1.75
22.7 0.00 0.73 1.65 1.76
22.7 2.64 0.72 5.09 5.42
22.7 2.65 0.72 5.15 5.42
22.7 1.33 0.36 2.75 2.72
22.7 1.34 0.37 2.70 2.74
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Fig. 5. Observed experimental slopes vs. those predicted from Eq. (5) for mixtures of HONO and NO2 for five different lengths of AF
collector devices.

Fig. 6. Collection efficiencies for HONO and NO2 as a function of active length of the AF device, based on Eq. (5).
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Fig. 7. Predicted slopes for five different gas compositions for five different active lengths.

than that of an individual element. Simulated results
from an array of five collectors comprising of the
same five collector device lengths as actually used
here (not necessarily an optimum assortment for the
purpose) and under the same sampling rate are shown
in Fig. 7 as a bar graph, for test atmospheres contain-
ing (a) 1mmol m−3 NO2, (b) 0.56mmol m−3 HONO
(these concentrations were chosen such that for the
intermediate 15 cm length collector, exactly the same
response is observed in all cases), (c) a 90:10 mixture
of a and b, (d) a 50:50 mixture of a and b, and (e) a
10:90 mixture of a and b. It would prima facie appear
from Fig. 7 that although the single element response
for the 15 cm collector case is exactly the same for all
five compositions, the response from the entire array
is different for each composition; this should enable
individual determination of the two analytes.

3.4. Dependence of device response on wall thickness

Due to difficulties in the availability of material of
suitable dimensions, we were able to experiment with

only one other type of an AF tube where the o.d.
remained the same as the type A devices but the inner
diameter of the tube was∼8% smaller (and the wall
25% thicker). Note that when the internal diameter of
the tube is changed without a change in the o.d. of the
tube or in the jacket tube i.d. (in which it is placed),
one can expect the following changes:

1. Since the internal volume of the tube is proportional
to the square of the inner diameter, the concen-
tration and hence the slope will increase inversely
with the square of the diameter.

2. Mass transport will be reduced at a rate propor-
tional to the inverse of the thickness, or a greater
power thereof, depending on the nature of the trans-
port of the analyte through the polymer.

A set of eight experiments with mixtures of NO2
and HONO were conducted under the same conditions
as in Section 3.2. The observed slopes were normal-
ized to those of the type A devices by multiplying
them with the inverse square of the ratio of the inner
diameters. When processed to yield a best fit equation
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in the form of Eq. (5), a good fit (r2 = 0.9908) was
observed with the sole difference that the best fit val-
ues of theb-terms were different,bNO2 being 0.04 and
bHONO being 0.066. Note that the corresponding ra-
tio of the b-terms here to those from the thinner wall
type A devices are 0.78 for NO2 and 0.67 for HONO.
The wall thickness ratio is 0.8 between the two de-
vices. Thus, theb-term for NO2 decreases approxi-
mately in the ratio of the thickness, while theb-term
for HONO decreases in proportion closer to the square
of the thickness. This difference may be because the
less polar NO2 migrates through the polymer matrix
itself, whereas the more polar HONO may be selec-
tively transmitted through confined polar regions in the
polymer. These results suggest that a wall thickness
differentiated array of collectors may provide an even
more attractive way of differentiation than a length
differentiated array. We hope to report further experi-
ments on this in the future.

In summary, we have confirmed here that not only
can HONO and NO2 be sensitively measured by sim-
ple colorimetric techniques using gas permeable liquid
core waveguides but also that differentiation between
these two analytes, which cannot be differentiated by
the colorimetric chemistry, is possible by using more
than one collector, differing in active length or wall
thickness.
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