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In this paper we present a counter-current parallel-plate
membrane diffusion denuder for the non-specific removal of
trace gases from an air flow. In this design, gaseous
pollutants are removed by diffusing from a sample channel
to two purge channels by crossing microporous membranes.
In the laboratory, at a sample flow rate of 5 L/min and
purge flow rates of 5 L/min each, gas removal efficiencies
ranged from 84% for CO to 72% for SF6. Removal efficiencies
increased with lower sample flow rate, a higher sample
to purge flow rate ratio, a longer channel length, and using
molecules with higher diffusion coefficient. Removal
efficiencies were, however, not affected by the sample
channel height. In addition, gas penetration was exponentially
associated with the product of channel length, diffusion
coefficient, and the inverse of sample flow rate. Particle
losses were significant (10-25% losses) only for particles
smaller than 50 nm. In a field evaluation, the denuder’s
performance was tested with an aerosol produced in a
photochemical chamber. The denuder’s performance was
similar to that observed in the laboratory and was
stable over time. Finally, the denuder was tested with a
semivolatile organic aerosol. Particle mass losses due to
volatilization were about 30%.

Introduction
To study the effects of ambient air particles, many applica-
tions require the removal of gas components. For instance,
when studying particle toxicity, the presence of gaseous co-
pollutants may mislead the interpretation of observed effects.
Gases are usually removed from an air stream using diffusion
denuders. These denuders use special coatings to trap specific
gases (1-5). For example, basic coatings have been used to
trap acid gases, such as nitric acid (HNO3), similarly, charcoal
coatings have been used to trap organic compounds (5).
Several geometries have been used to increase gas removal
efficiencies. Initial denuders were simple hollow tubes (1).
Later, more efficient annular (2, 3) and honeycomb (4)
denuder designs were introduced. Also, parallel-plate liquid
denuders have been used to determine the concentrations
of soluble gases continuously (6-9). This design utilizes a
membrane to separate a sample channel from a liquid flow
that is passed in a counter-current fashion. The liquid

specifically traps certain gas pollutants and it is subsequently
analyzed to determine gas concentrations.

The use of these denuders, however, is limited when
relatively more inert gases need to be removed. For instance,
there are no appropriate coatings to remove nitric oxide (NO)
and carbon monoxide (CO). These gases can be toxic, and
a large fraction of them may need to be removed from an
aerosol when studying particle toxicity. In this paper we
present the design and development of a new counter-current
parallel-plate membrane diffusion denuder that removes
gases nonselectively. In this new design (Figure 1), gaseous
pollutants are removed by diffusing from an inner, sample
channel to two purge channels where clean air is passed in
a counter-flow fashion. Microporous Teflon membranes are
used to separate the channels while allowing the diffusion
of gases. Particles, which diffuse much more slowly than
gases, are less likely to reach the walls of the sample channel,
and thus pass through with relatively small losses.

The main objective of this study was to demonstrate that
the proposed method is able to remove a significant amount
of trace gases from an air stream while having minimal
particle losses. Additionally, we examined the effect of
changing experimental parameters on the gas removal
efficiency. Finally, we tested the denuder’s performance and
stability in a field setting using real-life aerosols produced
in reaction chambers.

Materials and Methods
Denuder Dimensions, Materials and Operation. The de-
nuder parts, assembly, and operations are presented sche-
matically in Figure 1. The denuder consists of three sections
made of stainless steel: a sample and two purge sections.
The sample section had a center channel of 90 cm length,
10 cm width, and 1 cm height through which the aerosol was
passed. At each end of this section, 6.4 mm o.d. tube
connections were used as inlet and outlet ports. Purge
sections had center channels of dimensions similar to those
of the sample section but a height of 2 cm, with two 6.4 mm
o.d. tube connections at each end to supply and take out the
purge air. Some tests, using CO, were performed with a
sample section made of polycarbonate plastic. This plastic
does not react with this inert gas.

Two types of Teflon PTFE membranes were used to
separate the sample and the purge-channels: (1) Mupor
PM23JSH membrane (Porex Corporation, Fairburn, GA) with
a thickness of 0.254 mm and a pore size of 1.5 µm (as
measured by Hg intrusion); and (2) Tetratex 1301 membrane
(Donaldson Co. Inc., Ivyland, PA), with a thickness of 0.089
mm and a pore size of 0.23 µm (as reported by the
manufacturer). The membranes were supported on a 20 mesh
stainless steel screen to prevent physical distortion and thus
maintain a uniform height of the central channel.

All sections were assembled, with supporting screens and
microporous membranes placed between channels, using
bolts and screws. To minimize leaks, a rubber O-ring gasket
was set in a machined groove along the edges of the denuder.
Leak tests were done after every denuder assembly. Leaks
were measured by passing a 5 L/min flow through the sample
channel and measuring flow recovery downstream, while
keeping the remaining ports closed and pressurizing the
denuder by 1240 Pa above atmospheric pressure (a much
higher pressurization than at normal operations). The
denuder was considered leak-free if at least 97% of the flow
was recovered. If the denuder failed the leak test, it was
reassembled.* Corresponding author e-mail: pruiz@hsph.harvard.edu.
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Convective flow between the channels was avoided. If
convective flow from the purge channel to the sample channel
had taken place, the pollutant concentrations in the sample
channel would be diluted and the sample channel flow rate
would increase. The opposite is expected if the flow went in
the opposite direction. Consequently, the flows of air both
supplied and removed from the purge channels were carefully
balanced using calibrated rotameters and valves. For both
the sample and purge channels, the flow regime was laminar
at all flows tested (maximum Reynolds number was 215 at
a flow rate of 20 L/min).

Laboratory Performance Evaluation. The denuder per-
formance was evaluated in the laboratory using artificial gas
and particle atmospheres. The ability of the denuder to
remove gases by the principles presented above was evaluated
with experiments that included both inert and more reactive
gases. The effect of experimental parameters on performance
was tested. Because the construction of a denuder is very
labor intensive, we only studied the effects of varying sample
flow rate (Qs), purge flow rate (Qp), sample channel length
(L), sample channel height (Hs), and diffusion coefficient
(D). Particle losses were measured using an artificial aerosol.

Determination of Gas Removal Efficiency (E) and Mass
Balance (MB). To determine E and MB, gas mixtures were
prepared using a dynamic gas dilution system (model 146C,
Thermo Electron Corp., Franklin, MA). CO, NO, SO2, and SF6

were provided from standard gas cylinders. NO2 was pro-
duced by titrating NO with ozone (O3), which was generated
within the dilution system. The system was used to control
both the total flow rate (from 2 to 10 L/min) and the
concentrations of the gas mixtures. Concentrations of CO,
SO2, NO, and NO2 were measured continuously using the
following Thermo Electron Corp. instruments (Franklin,
MA): CO by infrared absorption (model 48C); SO2 by pulsed
fluorescence (model 43C), and NO/NO2/NOx by chemilu-
minescence (model 42C). SF6 was measured using a pho-
toacoustic Multi-gas Monitor (model 1302, Brüel & Kjaer,
Naerum, Denmark). Because the SF6 monitor samples
intermittently, samples were collected at each sampling port
using a 5-L Tedlar bag, and analyzed subsequently. These
samples were collected at least twice at each sampling port.

Gas concentrations were measured at four different
sampling ports (Figure 1, P1-P4): upstream (Cs,up) and
downstream (Cs,down) of sample channel, and downstream of
the upper (CP1,down) and lower (CP2,down) purge channels.
Efficiency, E, was calculated using eq 1.

To demonstrate that gases were removed by diffusion
only and not by wall reactions, mass balance (MB) was
calculated as the ratio of gas being removed from the sample
channel to the gas mass leaving the purge channels, as shown
in eq 2,

where QS, QP1 ,and QP2 are the flow rates of the sample and
the two purge channels, respectively. A measured mass
balance of less than 100% would indicate wall losses or similar
processes.

E and MB were evaluated in a subset of initial experiments.
For these experiments, sample flow rate was set to the overall
target flow of 5 L/min, while purge flow rates were set to
either 5 L/min or 10 L/min each. The inert gases CO and SF6

were tested, along with the reactive gas SO2.
In subsequent experiments, the effects of changing five

different experimental parameters on removal efficiencies
were examined: (1) sample flow rate (Qs); (2) purge to sample
flow rate ratio (Qp/Qs); (3) sample channel height (Hs); (4)
channel length (L); and (5) diffusion coefficient (D). For the
initial tests the Mupor membrane was used. Because of the
difficulties in obtaining large supplies of the Mupor mem-
brane, Tetratex membrane was used for the remaining
experiments (for testing of the diffusion coefficient and in
field tests). For a first set of experiments, the sample flow
rate (Qs) was varied from 3 to 10 L/min. These tests were
done using CO and adjusting each of the purge flow rates to
the same value as the sample channel (Qp/Qs ) 1). This set

FIGURE 1. Diagram of the parallel-plate membrane denuder: Parts assembly. The denuder consists of an upper (A) and lower (C) purge
channels section, a sample channel section (B), two stainless steel screens (D), and two microporous Teflon membranes (E). Sampling
ports (P1-P4) are indicated.

E (%) ) 100(1 -
Cs,down

Cs,up
) (1)

MB (%) ) 100
(CP1,DownQP1 + CP2,DownQP2

(CS,up - CS,down)QS

(2)
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was used as reference for the other sets. For the next set, the
effect of the purge to sample flow rates ratio was tested by
repeating the conditions of the reference test but adjusting
the purge flow rates to double the sample flow rates (Qp/Qs

) 2). For the next set, the effect of channel length (L) was
determined by covering half the length of the membrane (45
cm) with an impermeable sheet. Two extra sample flow rates,
of 2 and 2.5 L/min, were tested to increase the overlapping
in E values between the reference set and the half-length set.
Another set examined the effect of the sample channel height
(Hs) by using a taller (2 cm) sample channel section made
of polycarbonate plastic.

A final set of laboratory experiments tested the effect of
varying the diffusion coefficient (D), using air mixtures of
different gases. These gases included nitric oxide (NO), carbon
monoxide (CO), nitrogen dioxide (NO2), sulfur dioxide (SO2),
and sulfur hexafluoride (SF6). Because the availability of D
values for these gases in the literature is limited, they were
estimated from their molecular weights using Graham’s law
and the D value of CO (0.208 cm2 s-1) at 20 °C as reference,
as shown in eq 3,

where DT and DCO, and MWT and MWCO, are the diffusion
coefficients and molecular weights of target gas (T) and CO,
respectively. Using this equation, the calculated D values for
NO, NO2, SO2, and SF6 were 0.201, 0.162, 0.138, and 0.091
cm2 s-1, respectively. All experiments were done at a sample
flow rate of 5 L/min, while the purge to sample flow rate
ratio (Qp/Qs) was set to either 1 or 2.

Particle Losses. To test for particle losses, the denuder
was challenged with an aerosol of artificial particles, with
particle concentrations being measured upstream and
downstream of the denuder. The aerosol was generated by
nebulizing a sodium chloride solution using a constant output
atomizer (model 3075, TSI, Shoreview, MN). The 3 L/min
output of the atomizer was dried in a diffusion drier (TSI
model 3062) and then diluted with particle-free air into a
5 L vessel to a total flow rate of 5 L/min. Particle charges were
subsequently neutralized with a radioactive source (TSI
model 3012), and the final 5 L/min test aerosol was passed
through the denuder, with each purge flow rate set to 5 L/min.

Particle size distributions were determined both upstream
and downstream of the sample channel using a Sequential
Scanning Mobility Particle Sizer and Counter (model 5.5-
900, GRIMM Technologies, Inc., Douglas, GA). The aerosol
was sampled using a 1 m long flexible PVC plastic tube with
an i.d. of about 6.4 mm. The same piece of tubing was used
for upstream and downstream measurements. Scans were
3 min in duration, with particle number concentrations
reported in particle size bins ranging from 20 to 700 nm. Due
to the very low count of particles larger than 150 nm, only
particles below that size were reported. Particle losses (%)
were calculated for each size bin using eq 4,

Five upstream and four downstream measurements were
alternated for a total of 8 pairs of comparisons. Average losses
and standard error were calculated from the 8 pairs.

Field Evaluation. For a field evaluation, the denuder’s
performance was tested with simulated real-life aerosols
generated in reaction chambers as part of a toxicological
study. In this study, the Toxicological Evaluation of Realistic
Emissions of Source Aerosols (TERESA) (12), animals are
exposed to the products of these chambers. To avoid

misinterpretation of the toxicological results, it is necessary
to remove a large fraction of gaseous co-pollutants before
exposures.

The first part of the field evaluation examined performance
using the steady-state output of a photochemical chamber.
This chamber was used to form secondary sulfuric acid
(H2SO4) particles from the diluted emissions from a coal-
fired power plant. The ability of the denuder to remove gases
while transmitting H2SO4 particles was tested. In the second
part, the denuder’s performance was tested with a semi-
volatile organic aerosol formed in a different reaction
chamber. For a semivolatile aerosol the particle phase
components are in equilibrium with its gas-phase compo-
nents (10, 11), therefore, when trace gases are removed in
the denuder, some net particle mass losses are expected.
Here we tested the extent of such losses.

Evaluation Using the Exhaust of a Photochemical Cham-
ber. Methods to produce secondary particles from diluted
coal-fired power plant emissions are described in detail
elsewhere (12). Briefly, the diluted emissions are mixed in a
600 L well-mixed flow reactor with excess O3 and H2O vapor.
In the chamber, the hydroxyl radical (OH) is produced by
photolyzing O3 with ultraviolet light. Then, OH oxidizes SO2

and NO2, forming sulfuric acid (H2SO4) and nitric acid (HNO3),
respectively. As a result, the chamber exhaust contains gas
pollutants SO2, O3, HNO3, and NO2, and H2SO4 particles.

For the tests, a flow rate of 4.7 L/min of chamber exhaust
was passed through the sample channel, while purge flow
rates were set to 10 L/min each. Removal efficiency, E, and
mass balance, MB, were determined as in the laboratory
evaluations. To test the stability of E tests were repeated 3
times daily for 3 days. Particle losses were determined from
sulfate collected on 47 mm Teflon membrane filters (R2PJ047,
Pall Life Sciences, East Hills, NY). Samples were collected
upstream and downstream of the denuder once a day and
sulfate content of the filters was determined by IC analysis
(4). Particle losses were calculated using eq 4.

Evaluation with a Semivolatile Aerosol. The method to
produce semivolatile organic aerosol in a chamber was
described in detail elsewhere (12, 13). Briefly, secondary
organic aerosol (SOA) was formed by reacting R-pinene with
O3 in a 100 L well-mixed flow reactor. Tests were done by
passing 5 L/min of the steady-state output of the chamber
through the sample channel, while purge flow rates were
each set to 10 L/min. Particle losses were determined from
particle size distributions measured with an SMPS (TSI model
3934) and an aerodynamic particle sizer (APS, TSI model
3310). The SMPS measured the equivalent diameter (de) for
particle sizes between 13 and 700 nm. The APS measured the
aerodynamic diameter (da) for particle sizes between 500
and 25 000 nm. Aerodynamic diameter (da) was converted
to de as described by Peters el at. (14), assuming the density
for SOA formed from R-pinene as 1.2 g cm-3 (as suggested
by Bahreini et al. (15)). Mass concentrations for each particle
size were calculated from particle number concentrations,
particle density, and de. Each scan lasted 5 min. Four
upstream measurements were alternated with three down-
stream measurements. Average mass concentrations and
standard errors were calculated from these six pairs of
observations.

Results and Discussion
Laboratory Evaluation. The purpose of the laboratory
evaluations was to determine the gas removal efficiency (E)
of the denuder as a function of the different experimental
parameters. The reproducibility of the performance was
evaluated more thoroughly in a subsequent field study.

Removal Efficiency (E) and Mass Balance (MB). Initial
experiments were carried out using CO, SO2, and SF6 as test
gases, a sample flow rate (Qs) of 5 L/min, and purge flow

DT

DCO
) xMWCO

MWT
(3)

Loss (%) ) 100(1 -
Cs,down

Cs,up
) (4)
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rates (Qp) of 5 and 10 L/min. Results for E and MB are shown
in Table S1 of the Supporting Information. These trace gases
were efficiently removed, with E between 70 and 90%. CO
and SF6 were removed by diffusion only as MB values were
close to 100%. For SO2 tested at a Qp/Qs ratio of 1, MB was
77%, indicating that about 23% of the SO2 was removed by
a mechanism other than diffusion, perhaps due to SO2

deposition on wall surfaces.
Effect of Experimental Parameters on Removal Efficiency

(E). The effects on E of changing the following parameters
were investigated: (1) sample flow rate (Qs), (2) purge to
sample flow rate ratio (Qp/Qs), (3) channel length (L), and (4)
channel height (Hs). Results are shown in Table S2 of the
Supporting Information. Additionally, the effect of changing
D values was tested, with results shown in Table S3.

When using a purge to sample flow rate ratio (Qp/Qs) of
1, we found higher removal efficiencies at lower sample flow
rates (91% at 3 L/min) than at higher flow rates (72% at 10
L/min). As expected, a lower flow rate increases residence
time in the denuder, hence increasing gas removal. When
increasing the Qp/Qs ratio from 1 to 2, E increased for all
sample flow rates examined, with E values ranging from 96%
at 3 L/min to 79% at 10 L/min. This was expected as a higher
Qp/Qs ratio increases the concentration gradient between
the purge and the sample channel, thus increasing the
diffusion rate between channels.

To examine the effect of channel length (L), half the
membrane was covered with an impermeable sheet. With
this shorter channel we found that E was always lower than
in the full-length case, with E ranging from 80% at 3 L/min
to 53% at 10 L/min. This reduction in E was expected as
reducing channel length also reduces the time of gas exchange
between the channels. To examine the effect of sample
channel height (Hs), a taller (2 cm) sample channel section
was used. The results from these experiments were no
different than the results obtained using the normal sample
channel section. These results were surprising and are
discussed below.

To examine the effect of the diffusion coefficient (D),
several molecules with different D values were tested. At a
sample flow rate of 5 L/min and a Qp/Qs ratio of 1, we found
that E was higher for molecules with higher D values (Table
S3, Supporting Information), with E ranging from 85% for
CO (D ) 0.208 cm2 s-1) to 73% for SF6 (D ) 0.091 cm2 s-1).
This was expected since molecules with higher D values
diffuse faster. Experiments with a Qp/Qs ratio of 2 showed
the same trend but with higher E, similarly to previous

experiments. Since experiments testing the effects of varying
D values were conducted using a different membrane than
the others, it was important to determine whether the two
membranes performed similarly. The results of tests using
a sample flow rate of 5 L/min, with the same gas (CO), the
difference in the value of E between the Mupor and the
Tetratex membranes was only 0.7% at a Qp/Qs ratio of 1, and
only 1.2% at a Qp/Qs ratio of 2.

We found an empirical relationship between penetration
(P), which is 100 minus E, and the test parameters. P was
exponentially associated with the inverse of the sample flow
rate (Figure 2a) for experiments done at Qp/Qs ratios of 1 and
2. The slope of this association was higher at a Qp/Qs ratio
of 2. Additionally, for the results of all experiments performed
at a Qp/Qs ratio of 1, we found that there was an exponential
relation between P and the factor DLQs

-1 (Figure 2b).
Equation 5 was derived by linear regression as follows:

Previously, a theoretical equation to predict gas penetra-
tion in a parallel-plate denuder was developed by Gormley
(16) (eq 6).

where H and W are the height and the width of the denuder
channel, respectively. This equation has a mathematical
relationship (logarithmical) similar to that of the empirical
equation found by us. However, the Gormley equation
predicts much higher removal efficiencies. For instance, with
a denuder of length 90 cm, width 10 cm, and height 1 cm,
operating at a flow rate of 10 L/min, eq 6 predicted E for CO
of 99.97%, which is much higher than the 90% found for our
membrane denuder. Additionally, the Gormley equation
predicts that the performance is affected by the sample
channel height, which was not observed in our experiments.
The reasons for this discrepancy are probably because some
assumptions of the Gormley equation do not hold in our
case. First, it only considers the diffusion across one channel,
while in our configuration we have diffusion across the purge
and sample channels, and across the membrane. Second, it
assumes that the walls act as perfect sinks; meaning that
every molecule of the trace gas that reaches the wall is
trapped, leading to null concentrations at the walls. In our
case, the gas concentrations along the entire length of the

FIGURE 2. Effect of experimental parameters on penetration. (a) Effects of sample flow rate (Qs) and purge to sample flow rate ratio (Qp/Qs).
Experimental conditions: (closed circles) L ) 90 cm, Hs ) 1 cm, Qs ) 3-10 L/min, Qp/Qs ) 1, Gas ) CO; (open circles) L ) 90 cm, Hs
) 1 cm, Qs ) 3-10 L/min, Qp/Qs ) 2, Gas ) CO. (b) Effects of Qs, sample channel length (L), sample channel height (Hs), and diffusion
coefficient (D). Experimental conditions: (closed circles) L ) 90 cm, Hs ) 1 cm, Qs ) 3-10 L/min, Qp/Qs ) 1, D ) 0.2 cm2 s-1; (open circles)
L ) 45 cm, Hs ) 1 cm, Qs ) 3-10 L/min, Qp/Qs ) 1, Gas ) CO; (closed triangles) L ) 90 cm, Hs ) 2 cm, Qs ) 3-10 L/min, Qp/Qs ) 1, D
) 0.2 cm2 s-1; (open triangles) L ) 90 cm, Hs ) 1 cm, Qs ) 5 and 10 L/min, Qp/Qs ) 1, Gas ) CO, NO, NO2, SO2, and SF6.

P ) 100‚e-(4.67‚DLQs
-1+0.73) (5)

P ) 100‚(0.9099‚e-7.54
LWD

QH
+ 0.531e-85.7

LWD

QH
+ ...) (6)
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membrane and in the purge channel are not zero but rather
a function of the amount of gas that has already crossed
from the sample channel to the purge channel. A theoretical
equation to describe the behavior of this new parallel-plate
membrane denuder has not yet been developed, and is
beyond the scope of this paper.

Evaluation of Particle Losses. To determine particle losses,
the denuder’s performance was tested using artificially
generated NaCl particles. Figure 3 shows experimental losses
(solid circles) and theoretical losses due to diffusion (shown
as a solid line). Theoretical losses were calculated using eq
7 as suggested by Hinds (17):

where µ is

Only small experimental losses (<5%) were observed for
particles larger than 100 nm. For smaller particles, losses
increased with particle size, with maximum losses of 25%
observed for particles of about 30 nm in size. Experimental
losses were much higher than expected theoretical losses.
Similar loss levels of ultrafine particles have been observed
for other diffusion denuders (9, 18). In particular, the same
level and pattern of particle losses as function of size was
found for a wet parallel-plate membrane denuder (9). These
authors demonstrated that the mechanism for particle
removal was both diffusion and electrical mobility. The
membranes used are nonconductive and they can build up
charges. As a neutralized aerosol contains a fraction of
charged particles, which follows the Boltzmann distribution,
some of them can be attracted and removed by the
membrane. In the future, the use of some type of conductive
membrane may reduce these losses.

Field Evaluation. Performance Using the Aerosol Produced
in a Photochemical Chamber. To evaluate the performance
in a simulated real-life situation, the denuder’s performance
was tested with a sulfuric acid aerosol produced in a
photochemical chamber. Table 1 shows the results of gas
penetration and mass balance for SO2 and O3 for 3 days of
experiments. NO2 and HNO3 measurements were not re-
ported because the constant degassing of HNO3 from the
sampling tubes distorted NOx measurements. The E value
for SO2 was 85% overall for the 3 days, with little variation
both between and within days. This same value was observed
in laboratory evaluations using the same conditions. MB for
SO2 was over 90% for all days indicating that most of the SO2

was removed by diffusion from the sample channel to the
purge channel. E for O3 was 91%, with little variation both
within days and between days. MB was around 60%,

indicating that, even though O3 was removed by diffusion to
the purge channel, there was a large fraction of O3 that was
lost to the denuder walls.

Particle losses were evaluated from daily filter measure-
ments. Sulfate losses were determined to be 6.1% on average,
with little variation between days. Overall, these results show
that in a simulated real-life situation, the denuder can
effectively remove pollutant gases with minimal losses of
nonvolatile particles.

Performance using a Semivolatile Aerosol. The volatiliza-
tion of a semivolatile aerosol was determined by studying
the denuder’s performance with a secondary organic aerosol
(SOA). SOA was produced in a chamber and size distributions
were measured semicontinuously upstream and downstream
of the denuder (Figure 4). Total mass concentrations
upstream of the denuder were 219 µg m-3 for SMPS and 108
µg m-3 for APS. Overall, particle mass concentrations were
reduced by 32% as measured by the SMPS and by 24% as
measured by the APS. Note that for size ranges measured by
both instruments, the reported concentrations were higher
for the APS. This apparent discrepancy is likely a consequence
of the low sensitivity of both instruments in this size range
(19). For future work, the extent of mass losses as function
of varying SOA concentrations should be investigated.
Partition theory (10, 11) predicts that at smaller SOA
concentrations a larger fraction of the semivolatile com-
pounds are in the gas phase. Hence, higher mass losses are
expected at lower mass concentrations. These results point
out that mass losses for a semivolatile aerosol may be
significant. Researchers using semivolatile aerosols should
assess whether the use of this denuder is adequate for their
particular application.

Applications and Future Work. This denuder can be used
to remove gases and also to adjust the sample channel
concentrations to the concentrations used in the purge

FIGURE 3. Laboratory evaluation of particle losses (%) in denuder
as a function of particle size. Error bars show SD.

Losses ) 100(2.96µ2/3 + 0.4µ) (7)

µ ) DLW
Qh

(8)

TABLE 1. Field Evaluation Using Sulfuric Acid Aerosol
Produced in a Photochemical Chambera

removal efficiency E (%) mass balance MB (%)

SO2 O3 SO2 O3

sulfate
losses

(%)

day 1 82.7 ( 0.3 91.1 ( 0.6 96.4 ( 0.1 55.4 ( 1.2 4.9
day 2 84.6 ( 1.2 91.5 ( 1.3 91.0 ( 3.2 58.8 ( 5.3 8.1
day 3 86.2 ( 2.6 91.3 ( 1.4 92.2 ( 13.4 67.2 ( 0.9 5.2
overall 84.5 ( 1.8 91.3 ( 0.2 93.2 ( 2.9 60.4 ( 6.1 6.1 ( 1.7

a Experimental conditions: L ) 90 cm, Hs ) 1 cm, Qs ) 4.7 L/min,
Qp ) 10 L/min, and Tetratex membrane. For E (%) and MB, average ((
SD) was calculated from three daily measurements.

FIGURE 4. Size distribution of SOA upstream and downstream of
the denuder. The APS reports aerodynamic diameter, while the
SMPS reports electrical mobility diameter. Error bars represent the
standard error of the mean.
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channel. This feature may be used, for example, to set the
RH of an aerosol or to change the gas phase of a semivolatile
aerosol. For future designs, removal efficiency could be
improved by changing the denuder design and operation.
Theoretically, increasing surface area and using a membrane
that allows higher diffusion rates should also improve
performance. Finally, the development of a theoretical
equation would greatly help the design and development of
new denuders based on the principles described here. The
results presented in this paper can be used to validate such
a model.

Acknowledgments
This project was supported by the Electric Power Research
Institute (contract EP-P10983/C5530/56546) and the U.S.
Environmental Protection Agency PM Center at Harvard
School of Public Health (Grant R827 353-01-0). Although the
research described in this article has been funded in part by
the U.S. Environmental Protection Agency, it has not been
subjected to the Agency’s required peer and policy review
and therefore does not necessarily reflect the views of the
Agency and no official endorsement should be inferred. We
thank the EPRI project manager, Dr. Annette Rohr. We thank
Dr. Steve Rudnick for reading the manuscript and for helpful
comments. We also acknowledge the efforts of Dr. Tarun
Gupta, Dr. Choong-Min Kang, Mark Davey, Denise Lam-
oureux, and Erick Vlassidis for laboratory and analytical
support.

Supporting Information Available
Table S1, removal efficiency (E) and mass balance (MB) values
for experiments using different test gases and purge to sample
flow rate ratios (Qp/Qs); Table S2, effect of different experi-
mental parameters on removal efficiencies; Table S3, effect
of diffusion coefficient (D) on removal efficiencies. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Literature Cited
(1) Ferm, M. Atmos. Environ. 1979, 13, 1385-1393.
(2) Possanzini, M.; Febo, A.; Liberti, A. Atmos. Environ. 1983, 17,

2605-2610.
(3) Koutrakis, P.; Wolfson, J. M.; Slater, J. L.; Brauer, M.; Spengler,

J. D.; Stevens, R. K.; Stone, C. L. Evaluation of an annular

denuder/filter pack system to collect acidic aerosols and gases.
Environ. Sci. Technol. 1988, 22, 1463-1468.

(4) Koutrakis, P.; Sioutas, C.; Ferguson, S. T.; Wolfson, J. M.; Mulik,
J. D.; Burton, R. M. Development and evaluation of a glass
honeycomb denuder/filter pack system to collect atmospheric
gases and particles. Environ. Sci. Technol. 1993, 27, 2497-2501.

(5) Krieger, M. S.; Hites, R. A. Diffusion denuder for the collection
of semivolatile organic compounds. Environ. Sci. Technol. 1992,
26, 1551-1555.

(6) Boring, C. B.; Al-Horr, R.; Genfa, Z.; Dasgupta, P. K.; Martin, M.
W.; Smith, W. F. Field measurement of acid gases and soluble
anions in atmospheric particulate matter using a parallel plate
wet denuder and an alternating filter-based automated analysis
system. Anal. Chem. 2002, 74, 1256-1268.

(7) Simon, P. K.; Dasgupta, P. K. Wet effluent denuder coupled
liquid/ion chromatography systems: annular and parallel plate
denuders. Anal. Chem. 1993, 65, 1134-1139.

(8) Takeuchi, M.; Li, J. Z.; Morris, K. J.; Dasgupta, P. K. Membrane-
based parallel plate denuder for the collection and removal of
soluble atmospheric gases. Anal. Chem. 2004, 76, 1204-1210.

(9) Rosman, K.; Shimmo, M.; Karlsson, A.; Hansson, H. C.; Keronen,
P.; Allen, A.; Hoenninger, G. Atmos. Environ. 2001, 35, 5301-
5310.

(10) Odum, J. R.; Hoffmann, T.; Bowman, F.; Collins, D.; Flagan, R.
C.; Seinfeld, J. H. Gas/particle partitioning and secondary organic
aerosol yields. Environ. Sci. Technol. 1996, 30, 2580-2585.

(11) Pankow, J. F. Atmos. Environ. 1994, 28, 185-188.
(12) Ruiz, P. A. Sc. D. Dissertation, Harvard School of Public Health,

Boston, MA, 2006.
(13) Rohr, A. C.; Weschler, C. J.; Koutrakis, P.; Spengler, J. D. Aerosol

Sci. Technol. 2003, 37, 65-78.
(14) Peters, T. M.; Chein, H. M.; Lundgren, D. A.; Keady, P. B. Aerosol

Sci. Technol. 1993, 19, 396-405.
(15) Bahreini, R.; Keywood, M. D.; Ng, N. L.; Varutbangkul, V.; Gao,

S.; Flagan, R. C.; Seinfeld, J. H.; Worsnop, D. R.; Jimenez, J. L.
Measurements of secondary organic aerosol from oxidation of
cycloalkenes, terpenes, and m-xylene using an Aerodyne aerosol
mass spectrometer. Environ. Sci. Technol. 2005, 39, 5674-5688.

(16) Gormley, P. G. Proc. Royal Irish Acad. 1938, 45, 59-63.
(17) Hinds, W. C. Aerosol Technology, 2nd ed.; John Wiley and Sons,

Inc.: New York, 1999.
(18) Ye, Y.; Tsai, C. J.; Pui, D. Y. H.; Lewis, C. W. Aerosol Sci. Technol.

1991, 14, 102-111.
(19) Abt, E.; Suh, H. H.; Allen, G.; Koutrakis, P. Environ. Health

Perspect. 2000, 108, 35-44.

Received for review March 9, 2006. Revised manuscript re-
ceived May 22, 2006. Accepted May 26, 2006.

ES060563W

VOL. 40, NO. 16, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 5063


