Atmos. Meas. Tech., 16, 4319-4330, 2023
https://doi.org/10.5194/amt-16-4319-2023

© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Measurement
Techniques

A novel inlet for enriching concentrations of reactive

organic gases in low sampling flows

Namrata Shanmukh Panji and Gabriel Isaacman-VanWertz

Department of Civil and Environmental Engineering, Virginia Tech, Blacksburg, VA, 24061, USA

Correspondence: Namrata Shanmukh Panji (namratapanji@vt.edu) and Gabriel Isaacman-VanWertz (ivw @vt.edu)

Received: 12 May 2023 — Discussion started: 16 May 2023

Revised: 8 August 2023 — Accepted: 16 August 2023 — Published: 4 October 2023

Abstract. Preconcentration of samples is often necessary to
detect the low levels of volatile organic compounds present
in the atmosphere. We introduce a novel inlet that uses se-
lective permeation to continuously concentrate organic gases
in small sample flows (up to several standard cubic cen-
timeters per minute) and consequently improve the sensi-
tivity and limits of detection of analytical instruments. We
establish the dependence of enrichment on the sample flow
(decreasing with increasing flow) and pressure differential
across its walls (increasing with increasing pressure differ-
ential). We further show that while there is some depen-
dence on the permeability of the target analyte, most analytes
of atmospheric interest exhibit similar enrichment. Enrich-
ments between 4640 % and 111 % were measured at flows of
0.2 to 3 sccm for major reactive atmospheric gases: isoprene
(CsHg), monoterpenes («-pinene, CioHj¢), and alkanes (Cz-
Ce). The relationships between inlet design parameters, op-
erating conditions, and inlet efficiency are modeled and vali-
dated, enabling predictable enrichment of most atmospheric
gases.

1 Introduction

A wide range of volatile organic compounds (VOCs) are
emitted through natural processes (biogenic emissions) and
by human-made processes (anthropogenic emissions). Once
emitted, these compounds undergo photochemical oxidation
to produce secondary organic aerosols (Kroll and Seinfeld,
2008) or to produce ozone in the presence of NO and NO,
(NOy) (Haagen-Smit, 1952). Despite their sizeable emissions
(~ 1300 Tg C yr~! (Goldstein and Galbally, 2007)), they are
often present in mixing ratios ranging from a few parts per

trillion (ppt) to parts per billion (ppb) and have large impacts
on human health, radiative forcing, and air quality (Ebi and
McGregor, 2008).

As the atmosphere is a complex mixture of thousands of
organic gases (Goldstein and Galbally, 2007), analyses of its
constituents present several challenges. These organic com-
pounds span wide ranges in volatilities (and hence phases),
lifetimes, and mixing ratios and require highly sensitive in-
strumentation to be detected. To that end, complex and often
expensive instrumentation such as gas chromatography (GC)
coupled to a suitable detector, such as a mass spectrometer
(MS), a flame ionization detector (FID), a flame photomet-
ric detector (FPD), or an electron capture detector (ECD),
is used. On the other hand, recent developments in low-cost
VOC sensors have prompted an increase in their application
to measure total VOCs. Spinelle et al. (2017) reviewed sev-
eral low-cost VOC sensors and noted that certain photo ion-
ization detectors (PIDs), portable GCs, and e-nose technolo-
gies offer limits of detection in the parts per billion range.
Despite this, when it comes to measuring certain VOCs in the
parts per trillion to sub-parts per billion range, sensitivities of
low-cost sensors fall short. Consequently, although many of
the instruments currently used offer sensitivities in the parts
per billion range, preconcentration steps are required to ad-
dress the VOC levels in ambient samples below these limits
of detection (Michulec et al., 2005).

Preconcentration of VOC:s for both active and passive sam-
pling is achieved in several ways (Ras et al., 2009). Cryo-
genic trapping, which involves passing the sample through a
cold tube with glass beads or silica granules (Bourtsoukidis
et al., 2017), is a well-established method used for precon-
centration of VOCs in atmospheric samples but presents is-
sues with ice formations clogging sample flows (Oliver et al.,
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1996; Wang and Austin, 2006). Adsorptive enrichment using
solid sorbents such as Tenax, Carbopack, Porapak Q, etc. is
also employed extensively but typically requires thermal des-
orption to retrieve the VOCs (Demeestere et al., 2007). Sim-
ilarly, carbon nanotubes (CNTs) are increasingly being stud-
ied as preconcentrators (Li et al., 2004; Duran et al., 2009;
Hussain et al., 2008) but require the same multi-step purge-
and-trap configurations as other sorbent-based technologies
and may not yield uniform preconcentration (Hussain and
Mitra, 2011). As for preconcentration for online VOC detec-
tion, membrane introduction mass spectrometers (MIMSs)
are currently being employed and improved upon (Ras et al.,
2009). However, techniques such as the MIMS are rather
complete instruments which contain a component that pre-
concentrates sample flows. By introducing a simple inlet as
in our work, we plan to lay the groundwork for a preconcen-
tration technique adaptable to other detectors such as those
compatible with GCs.

In an effort to provide preconcentration of atmospheric
samples with compounds of various volatilities for online
sampling, we present a novel enriching inlet that uses a
semipermeable Teflon™ AF 2400 membrane. This mem-
brane has previously been used as a continuous-flow reactor
to facilitate reactions at gas—liquid boundaries and liquid—
liquid boundaries (Polyzos et al., 2011; Skowerski et al.,
2014; O’Brien et al., 2011; Mastronardi et al., 2013), but
its application for the continuous enrichment of atmospheric
VOC samples remains unexplored. The following section
provides the operating mechanism of the enriching inlet in
greater detail.

2 Methods
2.1 Principle of operation

The steady-state flux of a gas through a permeable membrane
is given by Eq. (1),

igh — A
% Phigh — Plow — P x _P’ )
X X

Ji=P
where J; is the steady-state gas flux of some component,
i, of the gas (typically in cm’® (STP) cm2s™'); Phigh
and pjow are the pressures on the high- and low-pressure
sides of the membrane respectively in centimeters of mer-
cury (or Ap is the pressure difference across the wall of
the permeable membrane); x is the thickness of the per-
meable membrane in centimeters; and P is the permeabil-
ity coefficient of the gaseous species (Pinnau and Toy,
1996). P is commonly expressed in terms of the non-SI unit
barrer, equal to 10719 cm3(STP)cmem™2s~! cmHg™! or
335 x 107" molmm™2 s~ ! bar~!.

The gas flux J can be expressed in terms of the volumetric
flow rate that permeates across the membrane using Eq. (2)
where Qperm,i is in standard cubic centimeters per minute
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Figure 1. Longitudinal cross-section of the Teflon™ AF 2400 inlet
(represented by the dashed blue regions) of length L, internal diam-
eter D, and wall thickness x. The volumetric flow rates entering the
tubing, moving across the tubing walls, and leaving the tubing are
denoted by Qin, Operm, and Qout respectively. The volumetric flux
of the gaseous species moving across the tubing is denoted by J.

(sccm or cm?(STP) min~!), and A is the surface area of the
permeable membrane in square centimeters.

Qperm,i =JixA (2)

In this work, we exploit this permeability with the pur-
pose of enriching ambient sample flows to have higher con-
centrations of trace gases of interest. Air is sampled through
tubing comprised of a permeable membrane subjected to a
pressure differential. In all the work shown here, sample flow
through the tubing is maintained at a higher pressure, allow-
ing permeation of gases out of the sample, as shown in Fig. 1,
though in principle the system could be designed to operate
under a reversed pressure differential.

Under these conditions, A in Eq. (2) is given by 7 DL
where D and L are the inner diameter and length of tubing
respectively. In this work, we use Teflon™ AF 2400, a com-
mercially available amorphous glassy copolymer of tetraflu-
oroethylene (TFE) and 2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxole (BDD). The gas permeability through Teflon™
AF 2400 follows a size-sieving trend where permeability de-
creases with an increase in the critical volume of the gaseous
species transporting across the membrane (Zhang and We-
ber, 2011). In principle, the approach described here could
be applied to other permeable materials, provided the ma-
terial is selectively permeable between analytes of interest
and air, but Teflon™ AF 2400 affords one of the highest cur-
rently known permeabilities for air. Furthermore, Teflon is a
preferred material for sampling atmospheric gases (Deming
et al., 2019), so it is an ideal material for this application.
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Combining Eqs. (1) and (2) and accounting for the unit
conversions yields Eq. (3):

Operm,i [sccm] = 60 [s min_l] x 75 [cm Hg bar_l]
Ap[bar] x A [cmz]

x [cm]

x 10710 x P; [barrer] x

(©)

The standard volumetric permeation rate can be under-
stood as a mass or molar flow as in Eq. (4):

Operm, i [molesmin’l] =60 [sminfl] x3.35 x 107!
Ap[bar] x A [m2]

x [m]
0.335

~ 100 [emm~!] x 75 [cmHgbar ']

X Qperm, i [sccm]. “4)

x P; [barrer] x

In this work, the volumetric flow rate leaving the inlet as
the sample flow (Qoy in Fig. 1) is a preset condition, set
by the sampling instrument. Flow into the inlet is simply the
sum of the permeation flow and outlet flow, as in Eq. (5) as

Qin,i = Qperm,i + Qout,i~ (5)

As the goal of this work is to sample trace gases in a sam-
ple flow dominated by air, we can consider that a given total
flow, Q@ o1, is the sum of the combined flow rates of air and
any other components of the gas (e.g., an analyte of interest),
and for dilute gases in a predominantly air sample, flow is
approximately equal to the airflow rate:

Qj,tot = Qj,air + Qj,analyte +.o Qj,air- (6)

Each analyte in each flow, j, exists with some concentra-
tion, C, measured as its mixing ratio (moles of analyte per
mole of air):

Q Jj,analyte
Q J,air '
Each analyte will have a permeability across the mem-

brane according to their critical volume, temperature, inter-
actions with the tubing polymer, and to some extent pressure
differentials (Pinnau and Toy, 1996). In the case of an analyte
that has lower permeability than air, relatively more air will
cross the membrane, and the amount of analyte in Q gy Will
be enriched relative to the remaining air. This enrichment can
be quantified as the excess concentration analyte in the outlet
flow relative to the inlet flow.

@)

Cj ,analyte =

Qout.analyte

. Cout,analyte —
Enrichment = _out.analyte 1= Oout, air (8)
Cin analyte Qin,analyte
Y Qin.air

The maximum possible concentration enrichment occurs
for any analyte that has no permeability across the mem-
brane. In such a case, no analyte is lost by permeation, and
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Qin,analyte 1S €qual to Qout,analyte- Enrichment at this extreme
condition of no analyte permeability is given as

Qin,analyte Q
. . Qout,ai in,air
Maximum enrichment = o A _ 1= —-1. (9
in,analyte Qout,air
Qin,air

From Egs. (8) and (9), enrichment is primarily determined
by the amount of air that permeates across the membrane.
The maximum enrichment is simply the ratio of how much
air enters the inlet versus how much flows to the instrument,
and all of the analyte masses within the permeated flow re-
main in the minor outlet flow.

In reality, all analyte gases can permeate across the mem-
brane to some degree. The degree to which one component
crosses the membrane relative to another (the “selectivity”)
is a function of the ratio of permeabilities. The selectivity of
interest in this work is that of the analyte (which ideally re-
mains in the sample flow) relative to air (which is removed
across the membrane), Papalyte/ Pair- At the extreme condi-
tion of no selectivity, where analyte permeability approaches
that of nitrogen and/or oxygen, the composition of the perme-
ation flow is identical to that of the sample flow, and there is
no enrichment. At intermediate selectivity, Qperm is depleted
in analyte relative to air, with the remaining analyte mass
concentrated into the sample flow. A general form describes
extreme and intermediate cases, in which enrichment of an
analyte is reduced from maximum enrichment as a function
of the selectivity:

oo P,
Enrichment[%] = ( Qinair _ 1) x(1-%@)x100. (10)

Qout, air air

The total enrichment can therefore be calculated by com-
bining Egs. (3), (5), and (10) as
Enrichment[%] = (Pair — Panalyte) X Lbar]
Qout,air [sccm]
Alcm?]
x [cm]

%75 [cmHgbar’l] % 107105 100.  (11)

x 60 [s min_l]

In Eq. (11), the first term represents the selectivity of the
analyte and membrane material, the second term represents
system operating conditions, the third term represents phys-
ical parameters of the tubing membrane, and the remaining
terms represent unit conversions and constants. For the pur-
pose of our application, we note that permeabilities of most
analytes of interest are an order of magnitude lower than that
of air (Alentiev et al., 2002). Permeabilities of mixed gases
typically diverge from pure gas permeabilities or ideal mix-
ing and vary by temperature and pressure differential. Fur-
thermore, air is itself a mixture of two gases, so while an av-
erage permeability of nitrogen and oxygen (~ 600 barrer for
room-temperature Teflon™ AF 2400 (Alentiev et al., 2002))
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is used in this work to describe air, this approach may not ex-
actly represent the permeability of the mixture. It is therefore
generally expected that a precise permeability or selectivity
will not be known for each analyte in the complex atmo-
spheric mixture. However, most analytes in the atmosphere
are sufficiently large to maximize selectivity in the material
used in this work and are shown to approach maximum en-
richment, so a precise accounting of permeability is likely
not necessary.

The following section describes the experimental method
used to quantify the extent of enrichment for selected com-
pounds of interest. In the subsequent discussion, Q gy is re-
ferred to as Q for simplicity, as this is the flow that is actually
sampled by the detector downstream.

2.2 Experimental setup and data analysis

High-concentration experiments. Experiments were con-
ducted to evaluate the performance of the enriching inlet us-
ing the setup as shown in Fig. 2. Pressurized gas cylinders
were used to deliver the sample to the enriching inlet through
a pressure regulator at pressures between 1 and 3 bar abso-
lute (14.5 to 43.5 psia, pounds per square inch absolute), and
tests were performed at 0.2 to 5 sccm. These low flows are
aligned with typical GC flows, and an application for future
research is expected to incorporate this approach into a com-
bined instrument that would allow some separation of ana-
lytes in ambient atmospheres provided some engineering and
analytical challenges could be overcome. Portable calibra-
tion gas cylinders were used for methane (1 % methane, bal-
ance air certified standard mixture, Airgas®), propane (0.6 %
propane, balance air certified standard mixture, Airgas®),
and butane (0.9 % n-butane, balance air certified standard
mixture, Airgas®). Samples for isoprene, a-pinene, cyclo-
hexane, and n-pentane were acquired at > 98 % purity from
Sigma-Aldrich and were prepared in 6 L TO-Can air sam-
pling canisters (Restek Corporation). Ultra-zero-grade air
(Airgas®) was used as a makeup gas in the canisters. The
approximate concentrations of the samples in the canisters
were 600 ppm for «-pinene and 900 ppm for isoprene, cy-
clohexane, and n-pentane. The pressure downstream of the
cylinder or canister was controlled using a pressure regula-
tor (R0O0-01-000, Wilkerson Corporation). The sample was
delivered to the Teflon™ AF 2400 tubing (Biogeneral, Inc.),
which had an internal diameter of 0.61 mm, wall thickness
of 0.064 mm, and length of 325cm. Two mass flow con-
trollers (MCS series, Alicat Scientific, Inc.) were used to
measure flow into the tubing Qj, (100 sccm mass flow me-
ter, MFM, in Fig. 2) and control flow to the detector Qqy
(10 sccm mass flow controller, MFC, in Fig. 2). The accu-
racy of flows is reported by the manufacturer as 0.2 % of full
scale 4+ 0.8 % of reading; most flows in this work are mea-
sured at 2 %—20 % of full scale, indicating an uncertainty of
less than 10 % even at low reported flow rates. The enrich-
ing inlet rested in an airtight aluminum container (approxi-
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Figure 2. Schematic of the experimental setup used to measure en-
richment offered by the inlet. The TeflonT™ AF 2400 is represented
by the blue line, the pressure controller is denoted by PC, the mass
flow controllers upstream and downstream of the enrichment inlet
are denoted by MFM (mass flow meter, used for measurement only)
and MFC (mass flow controller) respectively, and the flame ioniza-
tion detector is denoted by FID.

mately 15cm x 10cm x 7.5 cm) that was either open to the
atmosphere (high-pressure testing conditions) or closed and
reduced to 0.2 bar absolute (sub-atmospheric testing condi-
tions) by connecting it to a diaphragm vacuum pump (Gast
Manufacturing). A flame ionization detector (FID; SRI In-
struments) was used to detect the analyte concentration. This
detector was chosen due to its availability, robustness, and
flexibly engineered design for the low flows used in this
work. The minimum detection limit of this detector is 1 ppm,
requiring sample concentrations in the parts per million to
percent levels for testing the enriching inlet. The FID sig-
nal was logged using the Arduino Uno R3 (Arduino Corpo-
ration, Somerville, MA) where the readings were averaged
every second as they were being recorded.

Low-concentration experiments. A small number of exper-
iments were performed at concentrations approaching atmo-
spheric levels in order to evaluate whether observed enrich-
ment is concentration independent and can be achieved at
relevant concentrations. Experiments were performed at sub-
parts per million concentrations using a slightly different ex-
perimental setup. A parts per billion miniPID 2 photoion-
ization detector (ION Science Inc.) was used in place of the
FID to detect the analyte. Analyte samples were prepared in a
1 L Tedlar® bag (Restek Corporation) using 0.5 ppm benzene
calibration gas (Gasco Affiliates, LLC.) with balance ultra-
zero-grade air (Airgas®). The enrichment tests were carried
out with a 300cm length enriching inlet at 0.72bar sub-
atmospheric pressure differential and a flow rate of 2 sccm.
The experimental setup was as shown in Fig. B1. The en-
richment tests were conducted in triplicate. An exponential
model was used to fit to the 1s resolution data to quantify
the stable equilibrium concentration under enriched and un-
enriched conditions.

2.2.1 Calibration of the FID
Prior to each experiment, the response of the FID (in volts)
was measured as a function of analyte mass by varying the

mass flow to the detector. To keep any losses to instrument
lines constant, only the enriching inlet was removed. A poly-
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Figure 3. The FID signal measured during a sample experiment run
studying enrichment for propane at A P =3 bar (SA), Q =0.5 sccm,
and an enriching tubing length of 325 cm. The run was started at
roughly the 0.8 h mark and stopped at the 2.50 h mark.

nomial fit was used to relate the FID response and mass flow
to account for any non-linearity in the FID response, though
the response was typically linear. The R? values of all cali-
bration curves were above 0.98, and in all cases (unless oth-
erwise denoted in Table 1) the FID response was calibrated
across the entire range of enriched and unenriched concen-
trations being measured (i.e., calibration curves were not ex-
trapolated).

2.2.2 Experimental conditions

Experiments were conducted to study the relationships be-
tween enrichment and operating conditions. For each exper-
iment, the sample delivery pressure was set using the pres-
sure controller (PC, Fig. 2), and the same supply pressure
was used for both calibration (i.e., FID response to variable
flow rates without the inline enriching tubing) and enrich-
ment experiments (i.e., with the inline enriching tubing). The
sample flow rate to the detector was set on the MFC, and the
enriched FID response allowed for stabilization based on vi-
sual inspection (roughly < 5 % change over several minutes).
Inlet flow measured using the MFM was compared to the
expected permeation flow estimated from Eq. (4), and they
were generally found to agree; in the cases of non-agreement,
the experimental setup was examined for leaks, and the ex-
periment was repeated if a leak was found. Example data in
Fig. 3 demonstrate the FID response for propane at a pressure
differential of 3 bar and sample flow rate of 0.5 sccm.

For each experiment, enrichment is calculated as in
Eq. (12) from the measured concentration (i.e., calibrated
FID response) of the analyte during enrichment, Cepriched,
relative to the concentration in the sample mixture. The con-
centration in the sample mixture is the baseline concentra-
tion, Cpaseline, representing unenriched flow at the set sample
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flow rate. The enriching tubing was disconnected after each
experiment, and any remaining sample in the tubing was re-
moved using a pump, before repeating or conducting a new
experiment. The average and standard deviation of enrich-
ment over triplicate experiments were calculated for each set
of operating conditions and are reported in Table Al.

Cenriched — Chaseli
Enrichment (%) = —<miched — Zbaseline ) (12)

Chaseline

In addition to validating the prediction of enrichment
based on the operating principles described above, experi-
ments were designed to understand the effect of several op-
erating conditions, particularly sample flow rate at the detec-
tor (Q) and pressure differential across the membrane (A P).
Furthermore, results at a pressure differential AP are de-
pendent on the absolute pressures used to achieve the dif-
ferential. The pressure downstream of the permeable mem-
brane affects the permeation rate (Alentiev et al., 1997, 2002;
Merkel et al., 1999), so analyte permeation rates are ex-
pected to be lower through the membrane when the down-
stream pressure is close to vacuum (sub-atmospheric opera-
tion). Based on permeability coefficients available in the lit-
erature for low downstream pressures (Alentiev et al., 1997)
compared to high-pressure conditions (Alentiev et al., 2002),
changes in permeation rates under low downstream pressures
are estimated to improve enrichment by ~ 20 % for methane.
However, while a trend of improved enrichment under sub-
atmospheric conditions is expected, quantitative estimation
of improvement (including this 20 % estimate) is highly un-
certain due to a lack of data on most analytes and differences
between specific polymers. We therefore examine pressure
differentials in two ways: (1) high-pressure (HP) operating
conditions where the sample flow inside the enriching tub-
ing was maintained at a high pressure and the outside of the
tubing at ambient pressures and (2) sub-atmospheric (SA)
operating conditions where the sample flow inside the en-
riching tubing was maintained at high or ambient pressures
and the outside of the tubing at vacuum pressures. We note
that ambient-pressure sampling is limited to a 1bar pres-
sure differential, but many analytes of interest can be passed
through a compressor or pump without significant losses
(Lerner et al., 2017), suggesting that a pressurized sample
stream could enable high enrichments. Enrichment was fur-
ther studied using different analytes (methane, propane, bu-
tane, pentane, cyclohexane, «-pinene, and isoprene) to study
the influence of the permeability of the analyte molecule on
sample enrichment. A list of all conditions studied is pre-
sented in Table 1. Each condition was tested in triplicate un-
less otherwise noted. For all experiments shown, the physical
dimensions of the enriching tubing used were D =0.61 mm,
x=0.064 mm, and L = 325 cm. The residence time in the en-
richment tubing with these physical dimensions is approxi-
mately 1 min at 1 sccm (and scales inversely with flow rate).
In addition, tests were carried out to verify the independence
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Table 1. List of operating conditions tested to study enrichment of-
fered by a 325 cm length enriching inlet.

Permeability Pressure
Analyte coefficient, Flow, Q differential, Pressure
P (barrer) (sccm) AP (bar) condition
Methane 400 2 2 SA,HP
Butane 20 2 2 SA,HP
Pentane 35 2 2 SA,HP
«-Pinene 8 2 2 SA,HP
Isoprene 40 2 2 SA,HP
0.2 3 SA
0.5 3 SA
1 2 SA,HP
Cyclohexane 10 1 3 SA
2 2 SA,HP
3 1 SA,HP
5 3 SAb
0.2 3 SA
0.5 3 SA,HP?
1 1 SA,HP
Propane 100 1 2 SA,HP
1 3 SA,HP?
2 2 SA,HP
5 3 SAb

SA, sub-atmospheric conditions; HP, high-pressure conditions; ® averaged over n = 2;
b required extrapolation for calibration.

of enrichment from the analyte concentration and have been
detailed in Appendix B.

3 Results and discussions
3.1 Effect of operating conditions

From the operating principle of the permeable membrane,
the amount of air permeating out of the enriching inlet is
independent of the sampling flow rate to the detector (see
Egs. 3 and 4). Instead, increasing this flow rate to the de-
tector increases only the amount of sample being pulled into
the enriching inlet by that amount (see Eq. 5). Consequently,
with increasing flow rate, the permeation remains constant,
and the volume of flow to the detector into which it is con-
centrated increases, so enrichment is expected to decrease
(see Eq. 10). To examine this relationship, the enrichment
factor of propane and cyclohexane was characterized over
a range of flow rates and was observed to decrease with
increasing flow rate as expected (Fig. 4). Furthermore, ob-
served enrichment tends to somewhat exceed that predicted
for a given flow rate and pressure differential (dashed lines),
which may be due to uncertainty in the estimated permeabil-
ity coefficient or may be due to complex permeation behav-
ior caused by the inherent pressure drop along the length
of the permeable tubing, which acts as a restriction due to
its narrow diameter. Deviations between modeled and ob-
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served enrichment are likely due in part to uncertainty in
permeabilities, as values in the literature were measured at
slightly different temperatures and pressures (Alentiev et al.,
2002) than those used here, and it is difficult to quantify
the precise impact of these differences on permeability for
most of the analytes measured. In addition, the relationship
with critical volume used to estimate permeability introduces
some uncertainty. Maximum enrichment of 3050 & 56 % and
4640+414% (i.e., a factor of 31.5 and 47.4 times) was
achieved for propane and cyclohexane samples respectively
at the lowest flow rate of 0.2 sccm and the highest-pressure
differential of 3 bar. We also note that the response time of
the system can be reduced to a few minutes in contrast to the
long response time observed in Fig. 3 by temporarily increas-
ing sampling flow rates (e.g., 8 sccm purge flow; see Fig. B2).

Since the permeation rate through the membrane is di-
rectly related to the difference in pressure across the thick-
ness of its walls, enrichment is expected to increase as the
pressure difference increases. Examined as a function of
pressure differential, the same data shown in Fig. 4 demon-
strate the expected increase in enrichment with increasing
pressure difference (Fig. 5) for propane and cyclohexane. In
most cases, enrichment is slightly higher when the pressure
differential is achieved through sub-atmospheric operation
(i.e., vacuum is maintained outside of the enriching inlet car-
rying a sample flow at atmospheric pressure or higher), likely
due to the pressure dependence of permeability coefficients
(Alentiev et al., 2002).

3.2 Effect of analyte permeability

As shown in Eq. (11), enrichment depends on the differ-
ence in permeability coefficients between air and an ana-
lyte of interest. The permeability coefficient of any gaseous
species is a function of critical volume (Alentiev et al., 2002),
so to examine the effect of permeability on enrichment, a
range of analytes with varying critical volumes were mea-
sured under the same set of operating conditions (pressure
differential of 2 bar, sampling flow rate of 2 sccm). Critical
volumes were obtained using the UManSysProp (Topping
et al., 2016) critical property predictive tool which employs
the estimation methods described by Nannoolal et al. (2004).
Methane, with a critical volume of 114.94 cm3 mol~!, has
been measured to have a permeability coefficient through
Teflon™ AF 2400 of roughly 80 % of nitrogen at 25 °C at
50psig (pounds per square inch in gauge) feed pressure,
while propane was measured to be 25 % as permeable as ni-
trogen under the same conditions (Pinnau and Toy, 1996).
Hence, the permeabilities of compounds with critical vol-
umes similar to and above that of propane would be low.
Consequently, although permeabilities and thus selectivities
are sensitive to feed pressure and other factors (Alentiev
et al., 2002), most compounds of atmospheric interest can
be expected to exhibit similar (and nearly maximum) enrich-
ment. In contrast, compounds with critical volumes close to
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increasing pressure differential is distinguished by a darkening color gradient. The different modes of testing, sub-atmospheric and high
pressure, are denoted by circular and triangular markers respectively.

10000 o (a) 10000 o (b)
8 Propane 8 Cyclohexane
6 63 R
4 ] -
4 PP 4 5.--"
4 _,—‘T J et
- P -
P .- P P .
1000 o 025%.-- ST .- _1000 o 025" et ° .-
2 8y =" =" =" S 3- =" LT
s ] e S ] 2 .
c B - - 4 .- -
2 44 o5 .-"" .—'i— Lo 2 a4 0-?_—6" ="
£ bt L. L. £ U2 e
5 q1--" e __.-" ° ___-‘o 5 b PP 2
I Y § oA 0
.- .= -
Len om
100 o 986" 100 25° 2
84 =" 84 3505‘“
°] °J o
4] gect™ 4] 55
- O Sub-atmospheric 4 O Sub-atmospheric
A High Pressure A High Pressure
— T T T T — T T T T
7 8 9 y 2 3 4 7 8 9 1 2 3 4
Pressure difference across membrane (bar) Pressure difference across membrane (bar)
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sub-atmospheric and high pressure, are denoted by circular and triangular markers respectively.

that of air (84.5 cm® mol~! (Lemmon et al., 2000)) can be ex- 3.3 Effect of analyte concentration

pected to roughly permeate across the walls of the enriching

inlet to the same degree as air and experience lower enrich- Since flame ionization detectors are sensitive to compounds
ment. This effect is reflected in our results (Fig. 6) where the only at concentrations as low as parts per million, previ-
enrichment of methane (CH4) was 703 % and 40+t 1% ously discussed experiments were conducted at concentra-
for sub-atmospheric and high-pressure operating conditions tions well above typical ambient conditions. In order to en-
respectively, while the enrichments for propane, n-butane, n- sure that enrichment can be achieved in atmospherically rel-
pentane, cyclohexane, isoprene, and «-pinene were 163 % to evant conditions, a subset of experiments were performed at
312 % with only a minor trend with molecule size. In general sub-parts per million concentrations of benzene (as low as
agreement with the size-dependent sieving manner of per- 45 ppb) using a photoionization detector. The effect of an-
meation, the enrichment for a-pinene is the highest, while alyte concentration on enrichment was quantified using the
enrichments of propane, n-butane, n-pentane, and isoprene setup shown in Fig. B1. The averages of triplicate measure-
are only somewhat lower and approximately agree with the ments at three different analyte concentrations, 45, 125, and
expected range of enrichment. Small differences in enrich- 500 ppb, of benzene (CgHg) are as reported in Fig. 7. We
ments could be due to chemical interactions between the an- observe that the concentration of the analyte does not sig-
alyte molecules and the membrane. nificantly affect the level of enrichment. Although some ap-

parent effect is observed, measurements at lower concentra-
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Figure 6. Average measured enrichment (error bars of 1o over repeated trials) as a function of critical volume for methane (CHy), propane
(C3Hg), butane (C4H{(), pentane (C5H{3), cyclohexane (CgH{y), isoprene (C5Hg), and a-pinene (C1gH|g) under (a) sub-atmospheric and
(b) high-pressure conditions. These tests were conducted at a pressure differential of 2 bar across the walls of the enriching inlet, with
a sampling flow rate of 2 sccm using an enriching inlet 325 cm in length. The green shaded area represents the expected enrichment for
analytes with a permeability coefficient in the range of 0 to 100 barrer, within which most environmental compounds are expected to lie.

tions here are near this instrument’s limit of detection and are
subject to some measurement uncertainty. Concentrations in
these experiments are orders of magnitude lower than those
in other experiments but still approximately follow predicted
values even at these low concentrations, suggesting a small
impact of concentration if at all. This, combined with the fact
that residence times can be reduced by temporarily using
high sampling flows (refer to Fig. B2), suggests that tran-
sient changes in the atmospheric concentrations would be
detectable with the enriching inlet, but it would need to be
tested in real-world ambient environments. Once further ad-
vancements are made to transform the preconcentration inlet
into a fully operational instrument, tests can be conducted
under real-life conditions to assess its performance.

4 Conclusions

We have proposed and tested a novel method for the precon-
centration of VOCs in atmospheric samples. It was tested at
different sampling flow rates and pressure differentials across
the membrane walls for compounds with a broad range of
critical volumes. The enrichment factor was found to be
roughly predictable using the set of equations developed
in this paper. We demonstrated enrichments of 3050 % and
4640 % for propane and cyclohexane at a sampling flow rate
of 0.2 sccm. Enrichments of 163 %-312 % for propane, n-
butane, n-pentane, cyclohexane, «-pinene, and isoprene were
achieved at sampling flow rates of 2 sccm, suggesting that
enrichment is possible and approximately similar for com-
pounds across a wide range of atmospherically relevant com-
pounds. Even at a moderate-pressure difference of 1 bar un-
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Figure 7. Average measured enrichment (error bars of 1o over re-
peated trials) as a function of analyte concentration at 45, 125, and
500 ppb. The tests were performed using an enriching inlet that was
300 cm long, with a pressure differential of 0.72 bar across its walls
and a sampling flow rate of 2 sccm. The dashed gray line represents
the theoretical enrichment expected for benzene (CqHg) with a per-
meability coefficient of 20 barrer.

der sub-atmospheric conditions, enrichments of several hun-
dred percent were measured for propane and cyclohexane at
flows between 1 and 3 sccm, suggesting that the inlet is capa-
ble of enriching ambient samples without the need for a pres-
surized sample flow (though doing so would increase enrich-
ment). By decreasing the sample flow rate or using longer
lengths of the enriching inlet, higher levels of enrichment
could be achieved, implying potential significant improve-
ments (factors of 2 or higher) in instrument sensitivity for

https://doi.org/10.5194/amt-16-4319-2023



N. S. Panji and G. Isaacman-VanWertz: A novel VOC enriching inlet

instruments capable of operating at flow rates at a level of
standard cubic centimeters per minute. Furthermore, due to
the temperature dependence of permeation through Teflon™
AF 2400, there may be additional opportunities to modulate
operating conditions to improve enrichment, for instance by
heating the enriching inlet. However, temperature impacts
permeabilities of both air and an analyte of interest, leading
to a complex impact on enrichment that is not theoretically
well constrained due to a lack of data on the temperature de-
pendence of analyte permeation (Merkel et al., 1999). The
magnitude of this enhancement is generally not expected to
be large, and ambient temperature cycles are not expected
to drive significant changes in enrichment. Furthermore, the
simplicity and compactness of the enriching inlet allow for
potential applications with certain low-cost sensors to im-
prove their detection capabilities in a wide range of environ-
mental and medical sampling.

Appendix A: Average enrichment for all experimental
conditions tested
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Table A1. Average enrichment offered by a 325 cm length enriching inlet for all compounds at all operating conditions tested.

Total pressure

Analyte Flow differential ~ Operating Enrichment (%)

(Qsccm)  applied (AP bar) condition  Sub-atmospheric  High pressure
methane 2 2 SA,HP 70+3 40£1
butane 2 2 SA,HP 233+4 194+£3
pentane 2 2 SA,HP 22147 168 =15
a-pinene 2 2 SA,HP 304+6 29619
isoprene 2 2 SA,HP 222+2 163 £10

0.2 3 SA 4640 +414

0.5 3 SA 1870+ 12
1 2 SA,HP 751+£12 695 + 31

cyclohexane 1 3 SA 1050£23
2 2 SA,HP 3125 292 +7
3 1 SA,HP 115+1 111+4

5 3 SAP 187+3

0.2 3 SA 3050 £ 56
0.5 3 SA,HP? 1340£3 1120+ 8
1 1 SA,HP 290+ 1 230+ 1
propane 1 2  SA,HP 559+1 470+ 8
1 3 SA,HP? 773+£3 651+39
2 2 SA,HP 264+ 1 214+1

5 3 SAP 237+1

SA, sub-atmospheric condition; HP, high-pressure conditions; ¢ averaged over n = 2; b required extrapolation.
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Appendix B: Enrichment at parts per billion to
sub-parts per million analyte concentrations
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Figure B1. Schematic of the experimental setup used to confirm mutual independence of the analyte concentration and enrichment offered
by the inlet. The Teflon™ AF 2400 is represented by the blue line, the miniPID 2 photoionization detector is denoted by PID, and the mass

flow controller downstream of the PID is denoted by MFC.
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Figure B2. Time taken to reach equilibrium for enrichment of 500 ppb benzene (CgHg) at a 2 sccm sampling flow rate, a pressure differential
of 0.72bar, and an inlet length of 300 cm. The primary y axis shows the PID signal in parts per million as a function of time, and the
secondary y axis shows the cumulative air exchanges for (a) a constant 2 sccm sampling flow, (b) 3 min at 8 sccm and the remainder at a
2 sccm sampling flow, and (¢) 6.5 min at 8 sccm and the remainder at a 2 sccm sampling flow.

Atmos. Meas. Tech., 16, 4319-4330, 2023

https://doi.org/10.5194/amt-16-4319-2023



N. S. Panji and G. Isaacman-VanWertz: A novel VOC enriching inlet

Data availability. Data plotted in the main results (Figs. 4-6) are
provided in Table Al. Raw data (i.e., signal response as a function
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