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A Fabric Denuder for Sampling Semi-Volatile Species

Dennis R. Fitz
University of California, Riverside

Nehzat Motallebi
California Air Resources Board, Sacramento

ABSTRACT
A new style of diffusion denuder has been evaluated spe-
cifically for sampling HNO3. A coated fabric is used as the
denuder substrate, which can be loaded directly into a stan-
dard filter holder. This approach allows direct denuder sam-
pling with no additional capital costs over filter sampling
and simplifies the coating and extraction process.

Potential denuder materials and coatings were evalu-
ated in the laboratory to test the removal efficiency. NaCl
coatings were used to assess more than 20 materials for
HNO3 collection efficiency. Particle retention, which would
cause a denuder to have a positive bias for gas concentra-
tion measurements, was evaluated by ambient air sampling
using particulate sulfate as the reference aerosol. Particle
retention varied from 0 to 15%, depending on the denuder
material tested. The best performing material showed an
average particle retention of less than 3%.

Denuder efficiency of four fabric materials was tested
under ambient conditions to determine removal effi-
ciency. The fabric denuder method was compared with
a long path-length Fourier transform infrared (FTIR) spec-
trometer, a tunable diode laser absorption spectrometer
(TDLAS), and a denuder difference sampler to indepen-
dently measure HNO3. HNO3 collection efficiency was
typically 90% for the denuders, whether coated with
NaCl or not. For 10-L/min sampling rates with the fab-
ric denuder, the square of the correlation coefficient with

IMPLICATIONS
A simple fabric material used as a diffusion denuder has
been shown to be an effective and inexpensive method
to measure species such as HNO3 and NH3 which parti-
tion into both gaseous and particulate phases. The low
cost of this approach compared with other types of de-
nuders may encourage more measurements of these air
pollutants. With a larger database available, the environ-
mental and health effects of these species may be better
assessed.

the FTIR spectrometer was 0.73, compared to 0.24 with
the TDLAS.

INTRODUCTION
Background

HNO3 in the atmosphere may pose a significant health
risk and environmental hazard. In the atmosphere, HNO3

and NH3 are in equilibrium with NH4NO3 particulate mat-
ter. These particles are primarily in the PM2.5 size range, a
particulate range for which a new federal ambient air qual-
ity standard has been promulgated.1

Particulate NH4NO3 exists in a temperature-dependent
equilibrium between the gas and solid phases.2,3 At ambi-
ent temperatures, NH4NO3 is in equilibrium with a sub-
stantial amount of NH3 and HNO3. Higher temperatures
shift the equilibrium to the gas phase, while lower tem-
peratures shift the equilibrium to the particulate phase.
At a given temperature, in situ spectroscopic measure-
ments have shown the equilibrium constant to be quite
variable in ambient air, although regression plots against
the inverse of absolute temperature yielded free energy
and enthalpy changes consistent with laboratory stud-
ies.4 The variability may be due to humidity and whether
the aerosol is internally or externally mixed.5-7

After NH4NO3 is collected on a filter, it is subject to
these equilibrium shifts, which can increase or decrease
the amount of NH4NO3 retained on the filter.8 Both NH3

and HNO3 gases are also subject to acid-base reactions with
previously collected particulate matter, resulting in ion for-
mation and, therefore, transformation to the particulate
phase. In order to accurately sample HNO3, NH3, NO3

–, and
NH4

+ in the phases as they exist in the atmosphere, diffu-
sion denuding techniques have been developed.9-13 Diffu-
sion denuders are devices that remove gaseous components
while allowing particles to pass through them. This is physi-
cally possible due to the much higher diffusion rate of gases
compared with typical ion-containing atmospheric particu-
late matter. Denuders are thus used to remove gaseous HNO3

and NH3. While the removal of these species will result in
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their replacement by volatilizing NH4NO3, this does not
occur during the short period of time that the particles are
passing through the denuder.10 The remaining NH4

+ and
NO3

– can then be collected on specially treated filters, which
prevent further volatilization.

While denuder technology can result in the accu-
rate measurements of these species, its application to
routine sampling is difficult due to the cost and com-
plexity of sampling equipment. Two approaches have
been used in the past: direct denuder and denuder dif-
ference. In the denuder difference approach,9,10,14 the
denuders are not extracted after sampling; two sampling
lines are used, one with a denuder and one without.
These denuders are designed for high adsorptive capac-
ity so they can be used for many sample collection pe-
riods before requiring reactivation or replacement. Both
lines then collect samples on specially coated filters,
which prevent further volatilization. The filter used on
the line without the denuder also retains the corre-
sponding gas-phase component. Both filters are ex-
tracted, and the ion of interest is quantified. The
concentration on the filter with the denuder is a mea-
sure of the particulate concentration, while that of the
filter without the denuder is the total concentration
for gas and particulate phases. The difference in con-
centration between the two filters is, therefore, a mea-
sure of the gaseous concentration.

While this approach requires considerably less labor
and capital investment than the direct denuder method,
the difference technique is subject to greater measurement
uncertainty for the gas-phase species. In addition, denuder
surfaces must be occasionally renewed. This applies to the
denuders for HNO3, which used anodized aluminum de-
nuder surfaces. While they were thought to have infinite
capacity for removing HNO3,

14 we have recently found that
breakthrough is possible under both laboratory and ambi-
ent air conditions.15

In the direct denuder approach,11,13,16,17 the adsor-
bent layer of the denuder is extracted and analyzed for
either NO3

– or NH4
+. (Separate denuders are used for HNO3

and NH3 because different sorbent coatings are re-
quired.) This method requires the denuder to be
recoated after each sampling period, usually a labor-
intensive laboratory procedure. Normally, annular de-
nuders are used, which are relatively expensive precision
sampling devices. This approach, in which the gas of
interest is adsorbed on a denuder coating and quanti-
fied, is generally favored over the denuder difference
method due to its greater sensitivity.

Several types of denuders have been developed along
with specialized size-selective inlets to minimize HNO3

adsorption. These designs include annular,11 tubular,13

coiled tubing,18 and honeycomb19 denuders. While these

denuders offer several advantages over the denuder
difference approach, a significant capital investment in
denuder hardware is needed for routine field measure-
ment programs.

Another limitation with conventional denuders is
that it is necessary to remove large particles (usually greater
than 2 µm-aerodynamic diameter) containing the species
to be measured, since they may deposit in the long, nar-
row channels typically necessary to allow gases to diffuse
to the treated surface. This would result in a positive in-
terference. Size-selective inlets, however, present another
surface to which HNO3 and NH3 may deposit, which could
result in measurements with a negative bias. At the same
time, NH4NO3 might volatilize from particles collected in
the inlet, resulting in a positive bias.

We report herein a new approach with the potential
to offer measurement sensitivity of the direct denuder
approach with lower capital and operating costs. This
denuder is based on diffusion research for devices used to
remove very fine particles. These devices, known as diffu-
sion batteries, are used to size-resolve submicron particles
in situ. Originally constructed using a single long chan-
nel, they were then made more compact, but more diffi-
cult to fabricate, by using tubing bundles. These evolved
to honeycomb structures and finally to wire screens.20 This
development is analogous to the development of diffu-
sion denuders for sampling semi-volatile species, which
started with tubing bundles,9 progressed to annular ge-
ometry,11 and then to honeycomb structures.19

Our approach uses a fabric as the denuder substrate,
analogous to wire screen denuders that collect very fine
particles in diffusion batteries. The finer the mesh, the
greater the deposition by either particles or gases. In the
case of particles, the wire of the mesh is typically 10 µm
in diameter with a spacing of 20–50 µm. Typically, more
than 100 such screens are necessary to remove submi-
cron-sized particles. Since the diffusion coefficient for
gases is several orders of magnitude higher than for par-
ticulate matter, a single screen, which need not be as
fine, could be used. An open-weave fabric, with a typical
thread size of 100 µm spaced on centers of 250 µm, leav-
ing an open grid of 150 µm (typical dimensions for fab-
ric with a loose weave), would be sufficient. In addition,
an adsorbent material would allow the fabric to be coated
with a variety of chemicals for selectively removing tar-
get gases. The denuders, therefore, could be soaked in
solutions of C6H8O7 or H3PO4, NaCl, triethanolamine, and
K2CO3, which would selectively adsorb NH3, HNO3, NO2,
and SO2, respectively.

Theoretical Basis
The feasibility of the concept was first evaluated by using
the theory developed for wire diffusion screens.21 The
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equation to describe the fractional penetration of a par-
ticle (P) is given by

P = exp (-AnPe -2/3) (1)

where

where β is 2.7; a is the solid surface fraction (volume solid/
total volume ≈ 0.3 by geometry); r is the fiber radius, cm; h
is the screen thickness, cm; and n is the number of screens.

Pe = Peclet number = 2r U0/D

where U0 is the undisturbed flow velocity, cm sec-1 and D
is the diffusion coefficient, cm2 sec-1.

Assuming a denuder is treated with a chemical that
quantitatively removes a target gas upon contact with the
denuder surface, we can calculate the theoretical denuder
efficiency. To apply this equation to HNO3, for example,
for a 4.0-cm-diameter screen sampling at 10 L/min, we
use the dimensions of the fabric grid cell (100 µm spaced
on centers of 250 µm), and the diffusion constant for
HNO3 at room temperature, 0.12 cm2/sec.22 This results in
a penetration of 0.02, or 2%. However, using the diffu-
sion coefficient of a 0.1-µm particle (6 × 10-6 cm2/sec) re-
sults in a penetration of greater than 99%.21

Since fabric substrates have not previously been used
as gaseous diffusion denuders, laboratory testing was
needed to optimize the denuder geometry and coating
material. Additional testing was needed to determine
whether the laboratory performance could be maintained
under actual field sampling conditions. Field testing was
also conducted to evaluate the penetration of particulate
matter through the denuder.

EXPERIMENTAL
Denuder Substrates

A variety of fabric materials was obtained at a local store.
The materials were chosen for open weave (those with
greater porosity), to allow maximum particle penetration.
The store could provide little information as to the com-
position of the fabrics other than whether they were all
cotton or contained synthetic components (determined by
a char test using a match in cases where fabric was not
labeled). The bolts contained no information other than
the manufacturer name, and sometimes this information
was not present. Fabrics were cut into 47-mm circles with a
custom-made arch punch and installed into open-face
perfluoro alkoxy (PFA) Teflon filter holders (Savillex Corp.).
Fabrics of a variety of weave patterns and materials were
evaluated. Table 1 summarizes the materials used.

Denuder Coatings
Denuders were coated by dissolving the coating material
in a 50/50 (v/v) solution of methanol/water, which also
contained 2% glycerol, by volume. The concentration of
the denuder coating solution was expressed as the mass
percentage of the coating agent in solution. Denuders were
dipped in this solution and allowed to drain and air dry,
after which they were immediately sealed in polyethyl-
ene bags and stored in a refrigerator at 4 °C.

The following denuder coating materials were evaluated:
• NaCl (2 and 9%)—NaCl denuder coatings have

been shown to be more selective at removing
HNO3 than any other coating material reported
in the literature.23

• NaCO3 (2%)—Coated on a filter, this base has
been shown to be effective in removing HNO3,
HNO2, carboxylic acids, and SO2.

12,16,24

Overview of Testing Methods
Laboratory Evaluation.  Denuders were evaluated in the
laboratory by passing known concentrations (10–40
ppbv) of HNO3. Figure 1 is a schematic drawing of the
equipment used to expose the denuders to HNO3 for pen-
etration efficiency testing. Air was generated with an
Aadco model 727 pure air generator. Air was humidified
by splitting the flow, bubbling one fraction through
deionized water, and then recombining the dry air with
the water-saturated air. All plumbing components con-
sisted of PFA Teflon tubing, fittings, and filter holders,
while the permeation tube holder, trap, and humidifier
were constructed of borosilicate glass. All airflows were
measured with rotameters and a mass flow meter, and
controlled with needle valves. The rotameters and the
mass flow meter were calibrated against a certified dry
gas meter.

Concentration measurements, used to determine pen-
etration, were made before and after the denuder by sam-
pling with a commercial chemiluminescent NO-NOx

Table 1. Fabric denuder materials evaluated in the laboratory.

Material Material Type Material Material Type

1 35/65 cotton-synthetic blend 11 Polyester

2 Cotton-polyester blend 12 Silk

3 Rayon-polyester 13 Silk

4 Rayon-acetate 14 Nylon

5 Cotton 15 Nylon

6 Cotton 16 Polyester

7 Cotton 17 Cotton

8 Cotton 18 50/50 cotton-polyester blend

9 Nylon 19 Cotton

10 Polyester
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analyzer (Thermo Environmental Corp. model 42C)
through Teflon “T” tube fittings. To reduce HNO3 losses,
the NOx converter was removed from the instrument’s cabi-
net and placed within 10 cm of the HNO3 source. The ana-
lyzer approach allowed greater time resolution and a nearly
immediate feedback of results. This allowed us to rapidly
evaluate denuder collection efficiency as a function of flow
rate so an optimum range could be determined.

Ambient Measurements.  An ambient air study to determine
particulate penetration through the denuder and to com-
pare HNO3 measurements with other methods was con-
ducted in Claremont, CA, from August 28 to September
26, 1995. The other methods included a denuder differ-
ence sampler, a long path-length Fourier transform infra-
red (FTIR) spectrometer, and a tunable diode laser
absorption spectrometer (TDLAS). A detailed comparison
of HNO3 measurements between all of these methods is
described elsewhere.25

SO4
2- measurements were used to determine the

amount of particulate NO3
– that the denuder could possi-

bly collect. Since SO4
2- is a non-volatile particulate spe-

cies, the amount of SO4
2- collected by each denuder

compared to the sulfate on the Teflon front filter (or the
sum of the SO4

2- on the back Teflon filter plus all of the
preceding denuders) provides a measure of the penetra-
tion of fine particulate matter through the denuder. This
approach also assumes that NO3

– and SO4
2- have a similar

size distribution. Many studies have shown that this is
the case, especially in Southern California,26,27 but others

have noted a large size mode greater than 2.5 µm aerody-
namic diameter.28 Presumably, this large size mode origi-
nates with sea salt and therefore is normally found where
a marine influence is common. The use of SO4

2- as a NO3
–

particle surrogate also assumes that the NaCl-coated de-
nuders do not collect gaseous SO2 as SO4

2-. This has been
verified previously28 and was again during this laboratory
evaluation.

For this study, a number of fabric denuder configura-
tions were tested in order to determine denuder efficiency
and particulate penetration at 2 and 10 L/min for various
gaseous pollutants, to determine the feasibility of the
method for both short- and long-term collection periods.
The 2-L/min samples were collected for 7 days while 10-
L/min samples were collected for nominal periods of 8 hr
during the daytime and 16 hr overnight. Collocated sam-
pling was used to determine precision.

During the Claremont evaluation, denuders with four
types of material and two flow rates were evaluated. Each
denuder pack contained a Teflon filter either before or
after it in order to estimate variability and particulate pen-
etration (as determined by SO4

2- concentrations). The fol-
lowing describes the sampling lines by number:

• sampler line 1 (2 L/min) and sampler line 4 (10
L/min): three uncoated denuders followed by a
Teflon filter, which measures the adsorptive char-
acteristic of the uncoated denuder and particu-
late penetration.

• sampler line 2 (2 L/min) and sampler line 5 (10
L/min): three NaCl-coated denuders followed by

Figure 1. Denuder test schematic for HNO3.
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a Teflon filter, which measures the penetration
of HNO3 and particulate matter.

• sampler line 3 (2 L/min) and sampler line 6 (10
L/min): These contained a Teflon filter prior to
the denuders as a reference for particulate pen-
etration. The first denuder was uncoated, allow-
ing for a second determination of gas retention.
The second and third denuders provided a sec-
ond measurement of HNO3 penetration through
a NaCl-coated denuder at 2 L/min.

The 2-L/min samplers were operated for 1-week intervals,
while the 10-L/min samplers were operated during nomi-
nal intervals of 1100–1700 hr PDT. Samplers collected at 2
L/min all used the same material (#5); the 10-L/min sam-
pling substrates were rotated between materials 1, 5, 7, and
8. We obtained substrate (both filter and denuder) blanks
by loading them into denuder cassettes and immediately
unloading them into petri dishes. The handling was, there-
fore, identical to the substrates used for sampling, except
that they did not encounter any sample flow. Denuder sub-
strates were extracted in carbonate buffer used for ion chro-
matographic analysis (2.97 mM Na2CO3/0.33 mM NaHCO3)
and analyzed for SO4

2- and NO3
–. All values were corrected

by subtracting the mean blank concentration.
Samples were collected with this arrangement for 28

consecutive days. All samples collected for 1-week intervals
were chemically analyzed, while eight selected sets of the
daily samples were analyzed. The criteria for analysis days
included the availability and quality of spectroscopic data,
in addition to evaluating each denuder material at least twice.
The analysis days tended to be those of highest HNO3 con-
centration, the species of most interest in this study. The
first set of four was chosen based on days of high HNO3 as
determined by the TDLAS. The second set of four was cho-
sen based on the availability of FTIR spectrometer data.

The denuder difference sampler29 was developed by the
South Coast Air Quality Management District (SCAQMD).
The PM2.5 component was set up at the Claremont site and
operated on the same twice-per-day schedule as the fabric
denuder test samplers. This component consisted of a PFA
Teflon-coated cyclone (nominal flow of 27 L/min) to re-
move particles larger than 2.5 µm aerodynamic diameter.
The air was then divided using PFA-coated metal plumb-
ing components. Each stream was sampled at a nominal 9
L/min. In one stream, HNO3 was removed by a denuder
consisting of plates of anodized aluminum and followed
by quartz and nylon filters in series to collect particles and
volatilized NO3

–. In another, a quartz filter was used to re-
move particulate matter, and a nylon filter removed HNO3

and volatilized NO3
–. The detection limit for 8-hr sample

intervals was estimated to be 0.1 µg/m3.
Real-time spectroscopic measurements of HNO3 were

made using both a TDLAS and a long path-length FTIR

spectrometer. The TDLAS has greater sensitivity than the
FTIR spectrometer (sub-ppbv compared with approxi-
mately 5 ppbv) and was able to provide around-the-clock
measurements. Unlike the FTIR spectrometer, the TDLAS
was potentially subject to more sampling artifacts since it
needed to sample ambient air through a Teflon filter into
a cell at 20-Torr pressure. The FTIR spectrometer, which
measured HNO3 directly in the air, was therefore consid-
ered the ultimate reference method for HNO3. Since the
FTIR spectrometer could only measure relatively high con-
centrations of HNO3, a nominal sampling interval for
collection-based measurements was from 1100 to 1700
hr PDT, when HNO3 was typically above the FTIR spec-
trometer detection limit.

The km path-length infrared spectroscopic system
consisted of a Mattson Instruments Sirius 100 FTIR spec-
trometer interfaced, via a set of transfer optics, to a 25-m
base path, open multiple reflection, and a gold-coated
mirror system of the Horn-Pimentel-White design.30,31 The
instrumental system was similar to that previously re-
ported,32,33 but with an upgraded moving mirror for the
interferometer, a new PC-based data system, and a cur-
rent Mattson software package.

A Unisearch Associates model TAMS-150 TDLAS was
used to measure HNO3 in situ. This approach has been
previously described34 and found to compare favorably
with other methods of HNO3 measurement.35,36 The resi-
dence time in the cell is approximately 4 sec. Calibrations
were performed by introducing HNO3 generated by a per-
meation tube maintained at constant temperature. The
output rate of the permeation tube was measured by bub-
bling the effluent from the tube through a buffered aque-
ous solution and titrating with a standard solution of KOH,
monitoring the change in pH with an electrode.

RESULTS
Laboratory Evaluation of Fabric Denuders

Efficiency Definitions and Sources of Uncertainty.  Denuder
collection efficiencies were determined by the following
expression:

E = (1 - (Cd-Z)/(Cu-Z))*100 (2)

where Cd is the analyzer response downstream of the de-
nuder, Cu is the analyzer response upstream of the de-
nuder, and Z is the analyzer response to zero air.

HNO3 was used for the initial denuder testing and
development. There were several aspects that contributed
to measurement uncertainty:

• The pure air system did not provide a stable back-
ground source of NOx at the sub-ppbv level. A
fluctuation of ±1 ppbv was typical during a 24-
hr period. The diurnal pattern appeared to
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reflect ambient pollutant concentrations rather
than instrument drift.

• A small amount of zero drift in the NO-NOx ana-
lyzer caused significant uncertainty in determin-
ing the penetration of HNO3 at low penetrations,
since the outlet concentrations would be near the
zero of the instrument.

• Long lag times, typically several hours, to reach
95% of the final value, occurred after step changes
in the HNO3 concentrations. This occurrence was
observed previously in this laboratory15 and may
have been due to adsorption/desorption processes
on the PFA Teflon tubing (used to introduce the
HNO3 to the denuder and provide an inlet to the
analyzer) or in the NOx converter.

• Changes in NOx response (0.5 ppbv) were ob-
served for zero air when the humidity was in-
creased from 0 to 50%, and larger changes were
seen (up to 2 ppbv) when additional water was
added to the humidifier. The latter were not re-
producible, and the zero returned to its approxi-
mate initial value within several hours. (Since the
zero would drift for other reasons, this response
was difficult to quantify.)

The combination of these phenomena above made
the measurement uncertainty difficult to estimate. For
example, while waiting for the concentration to stabilize
after a step change, several ppbv of drift could occur. This
is especially critical when determining the collection effi-
ciency, as 1 ppbv change at zero concentration causes an
apparent 5% change in efficiency when 20 ppbv of HNO3

is used for the exposure. The NO-NOx analyzer data should
therefore be thought of in most cases as qualitative at low
levels of penetration. The one exception is when the de-
nuder is removing most of the HNO3 and the analyzer has
not been exposed to HNO3 for several hours. However,
for these requirements, it must be assumed that the HNO3

at the inlet of the denuder remains unchanged (since it
cannot be measured without requiring several hours to
reach the final concentration, depending on the relative
humidity, and several more hours to reach a stable zero).
In the course of obtaining such a measurement, zero drift
of the instrument may have occurred, although it would
not be quantifiable.

Initial Testing with HNO3.  Denuders coated with NaCl and
NaCO3 were used for the initial laboratory evaluation of
denuder performance. This study was conducted in two
phases, the first to validate the approach and the second to
optimize it for HNO3. All exposures were conducted at room
temperature (20 ± 1 °C) at a nominal relative humidity of
10% and with HNO3 concentration in the 10–40-ppbv range.
The HNO3 concentration and relative humidities were

chosen to provide the most difficult ambient conditions for
a coated substrate to collect this species.

NaCl was the first coating mixture evaluated. With the
2% NaCl coating on material 1, the collection efficiency
was never better than 89%, even at a flow rate as low as 0.6
L/min, and would not stabilize. The experiments were re-
peated with a NaCO3 coating on material 1. HNO3 was col-
lected nearly quantitatively at flow rates up to 5 L/min,
although the efficiency dropped to 83% after 4 hr of sam-
pling. Figure 2 shows the efficiency (after initial stabiliza-
tion, 15–30 min) of removing 33 ppbv of HNO3 in dry air
for a variety of flow rates. At 10 L/min the efficiency was
93%, which is in good agreement with the theoretical value
of 98%. We expected the measured efficiency to be lower
than the theoretical value, according to the theory that
each HNO3 molecule contacting the fiber was removed,
which may not be the case. Two such denuders in series at
19 L/min were found to be as quantitative in retaining
HNO3 as a Nylasorb filter sampling at 15 L/min (a higher
flow rate could not be obtained due to the pressure drop
through the Nylasorb filter).

The fabrics shown in Table 1 were coated with NaCl
and tested for HNO3 removal. Increasing the coating so-
lution to 9% improved the efficiency compared to 2%,
but high concentrations and even supersaturated solu-
tions did not cause further improvement. Cotton fabrics
performed the best overall. Synthetic fabrics generally were
initially efficient, but this efficiency rapidly dropped with
continued sampling, possibly because the coating solu-
tion was not able to significantly adsorb into the indi-
vidual fibers. Other materials tested briefly but not
reported here were found to work poorly. These included
uncoated nylon hosiery, aluminum window screen,
bronze sieving, and fiberglass window screen coated with
NaCl. Materials 1, 5, 7, and 8 showed over 80% initial

Figure 2. HNO3 removal efficiency (35 ppb) with a NaCO3-coated
fabric denuder using material #1 (35-min average exposure at each
step).
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collection efficiency, although the efficiency invariably
dropped with continued sampling. These materials were
chosen for further ambient evaluations.

AMBIENT AIR EVALUATION OF
FABRIC DENUDERS

Particulate Penetration
2-L/min Sampling Flow Rate.  Figure 3 is a schematic dia-
gram of the sampling system with these mean values of
the four 1-week collection periods superimposed. Collo-
cated sampling showed a relative standard deviation of
13%. Sampler 3 denuders should be considered the refer-
ence for particulate penetration, since the Teflon filter
preceding the denuder removed all particulate SO4

2- and
therefore any SO4

2- on the following denuders would be a
result of the deposition of gas-phase sulfur-containing
species (such as SO2). The SO4

2- on the denuders without a
prefilter is low, near the expected blank variability and
very similar to those in sampler 3. This is a good indica-
tion that fine particulate is not being significantly retained
by the denuders. Comparing the SO4

2- on the Teflon filter
preceding the denuders to the SO4

2- on the Teflon filters
after the denuders indicated that 11% of the fine particles
are lost when passing through three denuders in series.
After subtracting the SO4

2- found on sampler 3 denuders
(0.02 µg/m3 for uncoated and 0.16 µg/m3 for NaCl-coated
denuders) and dividing by the SO4

2- expected to be pass-
ing through the denuder (5.29 µg/m3 less the concentra-
tion from the previous stage), each denuder was calculated
to remove 0–3% of the particulate SO4

2-. The sum of the
loss of SO4

2- on individual denuders is, therefore, less than
the overall SO4

2- losses, indicating losses in the Teflon fil-
ter holder or the inability of the SO4

2- to be quantitatively
extracted from the denuder. This deposition may be en-
hanced by the electrostatic charge that Teflon surfaces tend
to acquire.15

The conclusion is that while denuder measurements
of gaseous HNO3 will be affected very little by particulate
deposition, approximately 10% of the fine particulate mass
may be lost during passage through the sampling system
of three fabric denuders. This loss, if not accounted for,
would result in the underestimation of particulate con-
centrations. There also is no indication that a preseparator
is needed to remove particles to reduce deposition in the
denuder. Large particulate NO3

–, presumably due to the
reaction of HNO3 with NaCl aerosol from sea salt, is one
possible exception.28

10-L/min Sampling Flow Rate.  Figure 4 summarizes the
results of the SO4

2-  analyses from four high HNO3 days,
which have a representative of each denuder material. Col-
located sampling showed a relative standard deviation of
24%. Comparison of SO4

2-  on the Teflon filter downstream

of three denuders in series with the SO4
2-  on the front

Teflon filter of sampler 6 shows the following overall losses
through three denuders and holders: 20% for material 1,
18% for material 5, 20% for material 7, and 24% for ma-
terial 8. To determine the losses for the individual denud-
ers, the SO4

2-  from the equivalent denuders on the
reference sample line (#6) are first subtracted. Note that
the values for the reference sampler denuders are some-
times small negative numbers, indicating that they were
slightly overcorrected by the denuder blank (the denuder
that was inserted briefly into the substrate holder). This
corrected value is then divided by the SO4

2-  expected to
be passing through the denuder (the SO4

2-  found on the
front Teflon filter of the reference sampler less the con-
centration from the previous stage) and multiplied by 100
to give the percentage of SO4

2-  removed. These values are
shown in parentheses in Figure 4.

The sum of the loss of SO4
2-  on individual denuders

was generally less than the overall SO4
2-  losses. The mean

loss of SO4
2-  per denuder was 10% for material 1, 3% for

material 5, 7% for material 7, and 9% for material 8. The
sum of the loss of SO4

2-  on individual denuders is approxi-
mately equal to the overall SO4

2-  losses. We conclude that
denuder material 5 allowed the highest particulate pen-
etration of the four materials evaluated.

HNO3 Measurements and Collection Efficiency
2-L/min Sampling Flow Rate.  Figure 5 summarizes the re-
sults of NO3

– analyses for the 2-L/min testing of denuder
material 5 by showing the means over four collection
periods. Collocated sampling showed a relative standard
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Figure 3. Summary of SO4
2- data (µg/m3) for the one-week samples

using material #5 at 2 L min-1 (the percentages of SO4
2- retained by the

denuders before the Teflon filter are shown in parentheses).
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deviation of 8%. Also shown in Figure 5 are the denuder
collection efficiencies based on the following equation:

E = (1 - L2/L1)*100 = Percent Efficiency (3)

where L1 is the NO3
– load measured on the first denuder in

series and L2 is the NO3
– load measured on the second de-

nuder in series. This expression assumes that the collec-
tion efficiency of each denuder is identical.

Since little particulate retention was observed for ma-
terial 5, these data were not corrected for gains of particu-
late NO3

–. The denuder efficiency calculated for the first
denuder was expected to be much more accurate than that
for the second because most of the HNO3 was removed
passing through the first denuder, thus increasing the un-
certainty of the measurements for subsequent denuders.
The collection efficiency for HNO3 was nearly 90% for a
single denuder whether the denuder was coated or not.

This efficiency of the uncoated denuder was not expected
since laboratory testing did not show efficient removal of
HNO3. It is possible that the denuders collected a basic
material from the ambient air that aided in retention of
HNO3. Since the uncoated denuder efficiency was high
whether the denuder preceded a Teflon filter or not, the
basic material would therefore need to be gaseous, possi-
bly NH3. The conclusion is that the fabric denuders were
approximately 90% efficient in removing HNO3 and, there-
fore, two denuders are sufficient to quantify this species.

On sampler 3, the denuders, which were preceded by
a Teflon filter, retained more NO3

–
 than the samplers that

did not have a Teflon prefilter, possibly due to the volatil-
ization of particulate NO3

– from the front filter. The NO3
–

on the sample lines with the Teflon filter after the denud-
ers showed less NO3

–
 than the Teflon prefilter. This was

expected because the volatilization would be enhanced
after HNO3 is removed from the airstream. Basic material
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deposited on the Teflon prefilter may also have contrib-
uted to HNO3 retention.

To calculate HNO3, the concentration of NO3
–
 on the

front NaCl-coated denuders was divided by the denuder
efficiency. Figure 6 is a comparison of HNO3 measured by
the 1-week denuder sampling approach compared with
that of the TDLAS. Some of the TDLAS data were missing
for the weeklong sampling intervals. For short downtimes,
less than several hours, the TDLAS HNO3 data were inter-
polated in computing an average value for the period.
This was not done for the two major downtimes (Septem-
ber 7 at 1900 hr to September 9 at 1345 hr, and Septem-
ber 13 at 0100 hr to September 15 at 0100 hr). Thus, the
comparisons for the second- and third-week period of sam-
pling were missing 25% of the TDLAS data.

The correlation is quite good, r2 = 0.95. This correla-
tion coefficient should be considered qualitative, as it is
based on only four comparison points and some of the
TDLAS data were missing. The mean of the HNO3 mea-
surement with the denuder was 9.7 µg/m3, compared to
16.1 µg/m3 for the TDLAS. The denuder values were, there-
fore, an average of 40% lower, in agreement with the slope
of Figure 6.

10-L/min Sampling Flow Rate.  Figure 7 summarizes the re-
sults of NO3

– measurements for daytime samples of each
material type by superimposing the concentrations on the
samplers’ schematic. Denuder efficiency is shown in pa-
rentheses. Collocated sampling showed a relative standard
deviation of 4%. The uncoated denuder again removed sig-
nificant HNO3, with the efficiencies varying from 13 to
77%. Denuders from sampler 6 were expected to be more
accurate than the other two since the Teflon prefilter would

eliminate the effects of particulate NO3
– collection on the

denuder. The efficiency of the first denuder was also ex-
pected to be more accurate because the uncertainty of the
calculation increases significantly for the second denuder,
as the value of the third denuder (which is near the blank
background after removing most of the HNO3) must be
used for the calculation. This spread in efficiency for the
uncoated denuders may reflect day-to-day variation in the
species responsible for enhancing the HNO3 collection ef-
ficiency of the uncoated denuder (for the weeklong sam-
pling intervals at 2 L/min, the collection efficiency of the
uncoated denuder was consistently near 90%).

The overall HNO3 removal efficiency for two NaCl-
coated denuders sampling unfiltered air (calculated using
eq 3 but combining the amounts collected by the first
two denuders) was 95 ± 1%, regardless of the denuder
material. These efficiencies may reflect the effect of par-
ticulate collection, which cannot be quantified. From these
results, we conclude that the first two NaCl-coated de-
nuders, regardless of material type, remove most of the
HNO3 at the 10-L/min flow rate.

Figure 8 compares the HNO3 measured with the 10-
L/min denuders to those of the TDLAS. The regression is
forced through the origin, since nighttime HNO3 concen-
trations are expected to be near zero, although we did not
analyze nighttime denuder samples. There is a consider-
able amount of scatter (r2 = 0.24). The mean of these HNO3

measurements was 30.5 µg/m3 for the denuder methods,
compared with 43.6 µg/m3 for the TDLAS. The denuder
measurements were, therefore, an average of 30% lower
than the TDLAS. This is consistent with the larger data
set of denuder difference measurements using a denuder
difference sampler.25

N = NaCl coated denuder

U = Uncoated denuder substrate

T= Teflon Zefluor filter
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Figure 6. Comparison of HNO3 measurements between 7-day, 2 L
min-1 NaCl-coated fabric denuders (sample line #2) and the TDLAS.
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Figure 9 compares the HNO3 measured with the 10-
L/min fabric denuders to those of the FTIR spectrometer.
The linear regression line again is forced through zero.
The plot appears linear and well correlated (r2 = 0.73).
While the slope of 0.91 indicated the FTIR spectrometer
values were lower, the means indicated that they were
higher (35.5 compared with 32.0 µg/m3). The application
of the Wilcoxan two-tailed ranked sum test37 showed that
the data sets were equivalent at the 95% confidence level
(R- = 3, R+ = 18, and Rc = 2). We conclude that the HNO3

measurements obtained with any of the denuder materi-
als are in good agreement with the FTIR spectrometer ref-
erence method.

Only five daytime samples were available to compare
the fabric denuder with the denuder difference method.
Due to the limited number of samples and because three
different fabric denuder materials were used, a quantita-
tive comparison was not possible. The qualitative agree-
ment showed a small bias, with the HNO3 measured by
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Figure 8. HNO3 by TDLAS compared with the daily fabric denuder
(sample line #5).
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the fabric denuders averaging 23.3 µg/m3 and the denuder
difference sampler averaging 27.5 µg/m3.

CONCLUSIONS
We have shown that an inexpensive NaCl-coated fabric
denuder is suitable for measuring HNO3 in ambient air.
For the recommended material (#5), two denuders in se-
ries are needed to ensure a collection of over 95% for
flow rates up to 10 L/min. For two denuders of this ma-
terial, the penetration of fine ambient particulate mat-
ter was less than 6% based on the amount of SO4

2-

collected. Particle losses in this range have been observed
for all of the other types of denuders that have been re-
ported. Although not supported by laboratory evalua-
tions, uncoated denuders also showed efficiency in
removing HNO3 from ambient air. NaCl-coated denud-
ers were more effective in removing HNO3 in ambient
air than indicated by laboratory testing. The fabric de-
nuder HNO3 measurements were in good agreement with
those from the long path-length FTIR spectrometer used
as the primary reference.

This paper presents the initial feasibility of using this
type of diffusion denuder, and further testing is needed
to confirm the viability of the approach. We would like
to encourage others to use this denuder approach. Mate-
rial 5 was found to be the overall best when sampling
ambient air. It is identified as Imported Permanent Finish
Organdy (Heberlein finish) by White Rose Fabric, and may
be obtained from A.E. Nathan Co. Inc., 11 E. 36th St.,
New York, NY 10016.
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