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Abstract. Recent studies have demonstrated that organic
compounds can partition from the gas phase to the walls
in Teflon environmental chambers and that the process can
be modeled as absorptive partitioning. Here these studies
were extended to investigate gas—wall partitioning of or-
ganic compounds in Teflon tubing and inside a proton-
transfer-reaction mass spectrometer (PTR-MS) used to mon-
itor compound concentrations. Rapid partitioning of Cg—Cj4
2-ketones and C;;—C¢ 1-alkenes was observed for com-
pounds with saturation concentrations (c*) in the range of
3 x10* to 1 x 10" uygm™3, causing delays in instrument re-
sponse to step-function changes in the concentration of com-
pounds being measured. These delays vary proportionally
with tubing length and diameter and inversely with flow rate
and c¢*. The gas—wall partitioning process that occurs in tub-
ing is similar to what occurs in a gas chromatography col-
umn, and the measured delay times (analogous to retention
times) were accurately described using a linear chromatog-
raphy model where the walls were treated as an equivalent
absorbing mass that is consistent with values determined for
Teflon environmental chambers. The effect of PTR-MS sur-
faces on delay times was also quantified and incorporated
into the model. The model predicts delays of an hour or more
for semivolatile compounds measured under commonly em-
ployed conditions. These results and the model can enable
better quantitative design of sampling systems, in particular
when fast response is needed, such as for rapid transients,
aircraft, or eddy covariance measurements. They may also
allow estimation of ¢* values for unidentified organic com-
pounds detected by mass spectrometry and could be em-

ployed to introduce differences in time series of compounds
for use with factor analysis methods. Best practices are sug-
gested for sampling organic compounds through Teflon tub-
ing.

1 Introduction

Teflon tubing is widely used for sampling organic gases in
field and laboratory studies, primarily because it is chemi-
cally inert and flexible. These properties also make Teflon
the material of choice for environmental “smog” chambers,
most of which are constructed using fluorinated ethylene-
propylene (FEP) or perfluoroalkoxy (PFA) Teflon film (Hal-
lquist et al. 2009). Although it has been known for decades
that Teflon is permeable to small organic compounds (Yi-Yan
et al., 1980; Chemours, 2016), only recently have environ-
mental chamber studies shown that it can also absorb large
gaseous organic compounds in an equilibrium partitioning
process that is rapid (timescale ~ 10—60 min), reversible, and
independent of the age of the chamber (Matsunaga and Zie-
mann, 2010; Yeh and Ziemann, 2015; Zhang et al., 2015;
Krechmer et al., 2016; Ye et al., 2016). The equilibrium
reached in this process can be conveniently described using
a model that is analogous to gas—particle partitioning theory
(Matsunaga and Ziemann, 2010), in which the chamber walls
are treated as an equivalent mass concentration of liquid or-
ganic aerosol, Cy,. Values of Cy, reported by Matsunaga and
Ziemann (2010), Yeh and Ziemann (2015), and Krechmer et
al. (2016) range from 0.3 to 30mgm™ for an 8 m> cham-
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ber, a range indicating that a significant fraction of organic
products formed from oxidation reactions regularly studied
in environmental chambers (and even some less-volatile pre-
cursors) will be absorbed into the walls at equilibrium. Using
typical values for Cy, and the timescale for reaching gas—wall
partitioning equilibrium, one can incorporate the effect into
box models to estimate the effect of partitioning on cham-
ber measurements, as has been done in several studies of
secondary organic aerosol yields (Matsunaga and Ziemann,
2010; Shiraiwa et al., 2013; McVay et al., 2014; Bian et al.,
2015; Krechmer et al., 2015; La et al., 2016).

Although gas—wall partitioning of organic compounds in
Teflon environmental chambers has now been systemati-
cally investigated in a number of studies, this is not the
case for Teflon tubing used for sampling lines. Delays in in-
strument response have been observed and documented re-
peatedly, with many references to “sticky” compounds and
“memory effects” inside tubing and instrumentation. For ex-
ample Teflon O-rings are used inside the proton-transfer-
reaction mass spectrometer (PTR-MS) because other mate-
rials caused significant delays (Warneke et al., 2003), mea-
sured eddy covariance frequencies are dampened by sticky
compounds (Park et al., 2013), heated instruments have been
developed specifically to reduce delays for semivolatile com-
pounds (Mikoviny et al., 2010), and instrument surfaces are
often heated when measuring aerosol components through
thermal desorption (Holzinger et al., 2010). Memory effects
in the inlet of the PTR-MS have been modeled previously,
but the concept has not been extended to tubing (Schuhfried
et al., 2012).

In the study presented here, we quantified delays observed
when a set of organic compounds with a range of volatilities
were sampled through Teflon tubing for analysis in a PTR-
MS and then developed a model that applies the principles
of gas chromatography and gas—wall partitioning in Teflon
environmental chambers to predict the delays measured for
different tubing lengths and diameters, flow rates, and or-
ganic functional groups. The results quantify the potential
effects of tubing on measurements of organic gases and en-
able better design of sampling systems, in particular when
fast instrument response is needed.

2 Experimental section
2.1 Measurements of tubing delay

Experiments were conducted by sampling homologous se-
ries of either Cy, Ci2, and C4—Cj¢ 1-alkenes (1-undecene,
1-dodecene, 1-tetradecene, 1-pentadecene, 1-hexadecene) or
Csg, Ci0, and C—C4 2-ketones (2-octanone, 2-decanone, 2-
dodecanone, 2-tridecanone, 2-tetradecanone) from an 8 m3
FEP Teflon environmental chamber into a quadrupole PTR-
MS using Teflon tubing. The PTR-MS has been described
previously (de Gouw and Warneke, 2007). For each exper-
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iment approximately 20 ppb of each of the compounds in
a homologous series was added to the chamber by evapo-
rating a known amount from a glass bulb (with heating as
necessary) into a SL min~! stream of ultra high-purity N,.
The chamber was then mixed with a Teflon-coated fan for
1 min and allowed to sit for 30 min to ensure that gas—wall
partitioning equilibrium had been achieved inside the cham-
ber (Matsunaga and Ziemann, 2010). The combined passi-
vation time of the tubing + PTR-MS for compounds in the
chamber was determined by moving the tubing from sam-
pling room air (a clean air source for the conditions of these
experiments) to sampling chamber air containing the com-
pounds. This procedure produces a step function in the con-
centration of compounds sampled and is identical to frontal
analysis, a long-standing technique for characterizing chro-
matography columns (James and Phillips, 1954; Schay and
Szekely, 1954). After the instrument response reached steady
state (meaning that the PTR-MS and tubing were fully equi-
librated with the incoming air), either the tubing was moved
back to sampling room air, allowing the PTR-MS and tub-
ing to approach a new equilibrium state, or the PTR-MS was
investigated separately by detaching the inlet tubing so that
it sampled room air directly. The effect of the tubing on the
equilibration time was isolated by comparing the response
times when the PTR-MS was sampling room air with and
without the tubing.

The base case measurements of delays were conducted
with 2-ketones sampled through 1.0m of PFA Teflon tub-
ing (1/4in. OD, 3/16in. ID) at a flow rate of 0.36 L min~!,
with the 1-alkenes evaluated under the same conditions. The
effect of tubing length on the delay was evaluated by also
using 3.0m of PFA Teflon tubing with the same OD and
ID at a flow rate of 0.36Lmin~'. The effect of flow rate
on the delay was evaluated by increasing the flow rate from
0.36 to 2.7 Lmin~! by adding a line sampling an additional
2.3Lmin~! flow (controlled by a critical orifice) in parallel
with the PTR-MS. In this experiment a 3.0 m length of PFA
Teflon tubing was used to achieve a sufficiently large delay.
The effect of tubing diameter on the delay was investigated
using a 3.0m length of 1/8in. OD, 1/16in. ID PFA Teflon
tubing at a flow rate of 0.36 L min~!. Flow was laminar in
the tubing during all experiments, with calculated Reynolds
numbers of 90 and 650 for the low and high flow experi-
ments in the 3/16in. ID tubing and 260 in the experiment
using 1/16in. ID tubing. The tests were conducted at ambi-
ent laboratory temperature (23 °C) and when the instrument
had been pumped down and operated for several weeks, thus
representing typical operating conditions.

2.2 Chemicals
The following chemicals, purities, and suppliers were
used in this study: I-undecene (97 %), 1-dodecene (95 %),

1-tetradecene (92 %), 1-pentadecene (98 %), 2-octanone
(98 %), 2-decanone (98 %), and 2-tridecanone (99 %) from
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Figure 1. Schematic of the chromatography model used to describe
delays caused by gas—wall partitioning of organic compounds in
Teflon tubing. Compounds flow through a series of perfectly mixed
bins, undergoing gas—wall partitioning within each bin. The rates
constants for flow between bins (kr), absorption (k,), and desorption
(kg) are dependent on tubing diameter, flow rate, and the saturation
vapor concentration c* of the compound being measured.

Aldrich; 2-dodecanone (98 %) and 2-tetradecanone (98 %)
from ChemSampCo; and 1-hexadecene (99.8 %) from Fluka.

2.3 Model for transport of an organic compound
through Teflon tubing

The model used to describe the effect of tubing on the delay
is a linear kinetic chromatography model, where the affinity
of a compound for the walls of the Teflon tubing (the sta-
tionary phase) is determined by its saturation concentration
(c*). This approach seems reasonable, considering the nature
of the processes involved, the dependence of gas—wall parti-
tioning on ¢* (Matsunaga and Ziemann, 2010; Krechmer et
al., 2016), and the observation that the extent of partitioning
of an organic compound in a Teflon chamber correlates well
with its retention time measured by gas chromatography (Yeh
and Ziemann, 2015). Based on the chamber results, we as-
sume that the rate of absorption of a compound into the walls
is controlled by gas-phase diffusion to the walls (and thus
does not depend on mass accommodation) and treat absorp-
tion and desorption as first-order processes. For a numerical
solution the tubing is divided into a series of perfectly mixed
bins, with compound flowing into and out of each bin and
also undergoing gas—wall partitioning, as shown in Fig. 1.

Our assumption of diffusion-limited absorption is consis-
tent with the criteria developed by McMurry and Stolzen-
burg (1987), who compared timescales for diffusion and up-
take at the walls to determine whether mass accommoda-
tion affects the uptake kinetics of sticky compounds pass-
ing through tubing. They estimate the timescale for diffusion
(zqifr) as in Eq. (1),

d2

t
. 1
3D, M

Tdiff =
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and the timescale for accommodation into the wall (7,.) as in
Eq. (2),

Tac = 57— =» 2
where Dy is the compound’s diffusion coefficient in air, « is
its mass accommodation coefficient on the tubing wall, ¢ is
its mean thermal speed, and d, is the ID of the tubing. The
mass accommodation coefficient has an impact on the rate of
uptake at the walls when the timescale for accommodation is
comparable to or larger than the timescale for diffusion, as in

Eq. (3):

4D
Tac = = g Zl ) (3)
Taiff  a Cdy

Using a diffusion coefficient of 0.067 cm?s—!, the average
of values calculated for the compounds studied here (range
of 0.055-0.088 cm?s~!) using three methods (Tucker and
Nelken, 1982), and a tubing ID of 0.47 cm, Eq. (3) indicates
that mass accommodation does not affect the rate of uptake
to the walls for values of >3 x 107>, Since this thresh-
old is similar to that determined in studies of gas—wall parti-
tioning in Teflon environmental chambers, where it has been
shown that the rate of turbulent mixing within the chamber is
the rate-limiting process in establishing partitioning equilib-
rium for compounds with mass accommodation coefficients
greater than ~ 10~ (Matsunaga and Ziemann, 2010; Krech-
mer et al., 2016), our assumption that absorption of com-
pounds into the walls is limited by gas-phase diffusion seems
justified.

The first-order rate constant for absorption of compounds
into the tubing walls (k) was calculated using Eq. (4):
= 8 Dy @

a dtz ’
which is the inverse of the timescale for diffusion-limited
transport to the walls given by Eq. (1). For the 0.47 cm ID
tubing used in our experiments, 7, = 0.4 s. Rate constants for
desorption of compounds out of the walls (kq) were calcu-
lated using Eq. (5):

kq
Koy

, ®)

where Ky, is the equilibrium constant for gas—wall parti-
tioning inside the tubing. The most- and least-volatile com-
pounds measured here had desorption timescales of 0.2 and
50s, respectively, in 0.47 cm ID tubing. Values of Ky, were
calculated using Eq. (6):

Cw

Kow = -

; (6)

which was employed by Matsunaga and Ziemann (2010) in
their model for gas—wall partitioning in Teflon environmental
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chambers. Values of ¢* were estimated using the SIMPOL.1
group contribution method (Pankow and Asher, 2008), and
Cy, was obtained by linear fitting of our largest data set
(0.47cm ID tubing sampling at 0.36Lmin~!) in log-log
space using orthogonal distance regression, which gave an
optimum value of 4 gm™3. Additional details on the fitting
procedure used to determine Cy, can be found in the Supple-
ment of this paper.

For perfectly mixed flow in the bins, flow is modeled as a
first-order process as in Eq. (7):

0

ki = =
Y

(N
where Q is the volumetric flow rate inside the tubing, A is
the cross-sectional area of the tubing, and / is the length of a
bin in the model (2 cm). A comparison of the concentration
profiles of compounds at the tubing exit simulated assuming
perfectly mixed or laminar flow is presented in Fig. S1 in
the Supplement. The error this assumption causes in transfer
time through a 1 m length of tubing is generally smaller than
the effect of gas—wall partitioning within the tubing and so
does not affect the model results presented here.

Diffusion of compounds absorbed into the walls of the
Teflon tubing is fast compared to the timescales investigated
here, and thus it is not explicitly included in our model. This
is similar to the assumption often made in chromatography
models that diffusion within the stationary phase does not af-
fect mass transfer within the column (Guiochon et al., 2006).
Using the formulation developed by Krechmer et al. (2016),
we estimate that the depth to which organic compounds ef-
fectively partition into the Teflon tubing is 2.2 nm for the Cy,
value derived here. This value is consistent with our esti-
mates for Teflon chambers, which ranged from 1.5 to 4.5 nm
(Krechmer et al., 2016). Diffusion coefficients of larger or-
ganic molecules in Teflon (e.g., toluene and benzene) are
Dy ~2 x 1079 cm?s~! (Tokarev et al., 2006), resulting in a
timescale for diffusion in the walls of gy ~ l&, /Dy ~ 0.1 ms.
This is much smaller than the minimum timescale for gas-
phase diffusion and accommodation of ~ 400 ms, indicating
that this process is too fast to limit partitioning and thus does
not need explicit representation in the model.

Using the rate constants defined above, the rates of change
in concentration of compounds in the gas phase and wall
compartments in bin i, [G;] and [W;], can be expressed as
in Egs. (8) and (9):

d[Gi]

” =ki[Gi—1] — ki[Gil — ka[Gi] + ka[ Wi, 3
% =kalG;] — ka[Wi], )

where both [G;] and [W;] are expressed in units of moles
per cubic meter of air. These units are consistent with our
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treatment of gas—wall partitioning as being analogous to gas—
particle partitioning, where the concentration of compounds
in the condensed phase is represented as moles (or mass) per
cubic meter of air (Pankow, 1994; Donahue et al., 2006).

The model was solved numerically using the Euler method
at a time step of 1 ms and 50 bins per meter of tubing, using
IGOR Pro (Wavemetrics, v7.02). Shortening the time step
and/or increasing the number of bins per meter of tubing did
not appreciably change the numerical results.

3 Results and discussion

3.1 Effect of volatility, tubing length, and flow rate on
tubing delays

Tubing delays were measured by introducing step-function
changes in the concentration of organic compounds mea-
sured by the PTR-MS, with all compounds of a homologous
series being measured simultaneously, as shown in Fig. 2.
We quantify delays in this study as the amount of time re-
quired for the PTR-MS signal to achieve 90 % of the total
change caused by the step-function change in sample con-
centration. As can be seen in Fig. 2a for 2-ketones, the to-
tal (PTR-MS + tubing) delay increases with increasing com-
pound carbon number and therefore decreasing compound
volatility. This can be explained by noting that the criteria
for gas—wall partitioning equilibrium is that the rates of ab-
sorption and desorption are equal throughout the system, so
for tubing (a similar equation holds for the PTR-MS) this
condition is everywhere given by Eq. (10):

ka[G] = ka[W]. (10)

Substituting Egs. (5) and (6) and rearranging, the equilibrium
condition is then given by Eq. (11):

Cw[G
(W] = [G1 (11)

C*

Since Cy,, [G] (the input concentration), and the rate of ab-
sorption are essentially the same for all compounds, the time
required for [W] to reach the equilibrium value given by
Eq. (11) increases with decreasing compound volatility. This
reflects the need for the tubing to absorb a larger amount of
the less-volatile compounds to reach equilibrium, while only
a very small amount of the more-volatile species needs to be
absorbed to meet that condition.

The effects of the PTR-MS and tubing were uncoupled by
comparing the equilibration times for the PTR-MS + tubing
with the equilibration time of the PTR-MS alone. The dif-
ferences in equilibration times are significant and easily ob-
served in the time profiles of 2-ketones shown in Fig. 2b.
Here we define the tubing delay as the difference in the time
it takes for the signal to drop to 10 % of its initial value, with
and without the tubing attached to the PTR-MS. Both tubing
and instrument delays are substantial.

www.atmos-meas-tech.net/10/4687/2017/
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Figure 2. (a) PTR-MS time profiles measured in response to a
step-function increase in the concentration of 2-ketones. All com-
pounds were measured simultaneously through 1 m of 3/16in. ID
PFA Teflon tubing at a flow rate of 0.36 L min~!. Profiles are nor-
malized to peak signal. The decline in signal over time is due to drift
in instrument response following start-up. (b) PTR-MS time profiles
measured in response to a step-function decrease in the concentra-
tion of 2-ketones for tubing + PTR-MS (thick lines) and the PTR-
MS alone (thin lines). The tubing used was a 3 m length of 3/16in.
ID PFA Teflon, and the flow rate for both traces was 0.36 L min~!.
Profiles are normalized to the equilibrium concentration measured
prior to the step change. The signal-to-noise ratio is lower at higher
carbon numbers due to gas—wall partitioning in the chamber lower-
ing sample concentration as well as mass discrimination within the
PTR-MS quadrupole mass analyzer. For visual clarity the profiles
for 2-octanone are not shown since they overlap with the profiles
for 2-decanone.

The tubing delays measured for 2-ketones sampled
through two lengths of 0.47 cm ID tubing (1 and 3m) at a
single flow rate (0.36 Lmin~!) and through a single length
of 0.47cm ID tubing (3m) at two flow rates (0.36 and
2.7Lmin~") are shown in Fig. 3a and b, respectively. The
tubing delay increases almost proportionally with tubing
length, similar to the effect of column length on retention
time established in the chromatography literature, captured
in Eq. (12):

BL
h=—o), (12)
vt
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Figure 3. (a) Tubing delays for PTR-MS analysis of 2-ketones
sampled using 1 and 3m of 3/16in. ID tubing at a flow rate of
0.36 L min~!. The dashed line corresponds to the model case where
the delay is proportional to the length of the tubing, which for these
experiments is a factor of 3. (b) Tubing delays for PTR-MS analysis
of 2-ketones sampled using 3 m of 3/16in. ID tubing and flow rates
of 0.36 and 2.7 L min~ L. The dashed line corresponds to the model
case where the delay is inversely proportional to the flow rate, which
for these experiments is a factor of 0.13.

where #; is retention time, L is column length, vt is the bulk
flow velocity, and B is a constant that incorporates the par-
titioning coefficient and volumes of stationary and mobile
phases (Poole, 2003; Skoog et al., 2007). The tubing delay
decreases as flow rate is increased (Fig. 3b) because com-
pounds have less time to partition to the walls, but the ob-
served change is less than inversely proportional to the flow
velocity (0.20 instead of 0.13) as predicted by Eq. (12). This
discrepancy is thought to occur because, unlike chromatog-
raphy where the timescale for absorption of compound to the
walls is much shorter than the timescale for flow in the tube,
in the tubing experiments the timescales are comparable.
The dependence of tubing delays measured for 2-ketones
and 1-alkenes on ¢* for a range of conditions is shown in
Fig. 4. Because delays increase proportionally with increas-
ing tubing length, they are plotted as minutes of delay per
meter of tubing. Delays are inversely proportional to c¢*,
eventually leveling off at the residence time of the tubing
when ¢* > Cy, and gas—wall partitioning becomes insignif-
icant. This trend is driven by the change in the timescale
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Figure 4. Comparison of modeled and measured tubing delays
for homologous series of 2-ketones and 1-alkenes with a range of
c* values using short (ST=1m) and long (LT =3 m) lengths of
3/161in. ID tubing with low (LF=0.36 L min—!) flow and long tub-
ing with low and high (HF =2.7L min~!) flow. The instrument de-
lay for the PTR-MS is also shown. Values of ¢* were calculated
using SIMPOL.1 (Pankow and Asher, 2008). Error bars are only
shown for the 2-ketone LF/ST case, and represent the variability
(SD) of the observations. Note that for the larger delays, the error
bars are smaller than the data points.

to reach partitioning equilibrium with ¢*, as described in
Eq. (11). Figure 4 also compares model output to our ex-
perimental results and shows that the model accurately pre-
dicts the tubing delay as a function of ¢* across all functional
groups, tubing lengths, and flow rates tested. No effect of
functional group on tubing delay was observed, consistent
with past studies of gas—wall partitioning in Teflon cham-
bers, where compound volatility is the property that best pre-
dicts the extent of sorption (Matsunaga, 2010). We note here
that past work has shown that gas—wall partitioning equilib-
rium established in Teflon chambers is independent of sam-
ple concentration (Matsunaga and Ziemann, 2010) and rela-
tive humidity (Krechmer et al., 2017). Limited experiments
conducted here were consistent with those findings, indicat-
ing that this model can be used to estimate tubing delays in
both lab and field settings.

Model simulations were also conducted for a range of flow
rates and ¢* typically encountered in laboratory and field
studies. The tubing delays predicted by the model are pre-
sented in Fig. 5 and are clearly significant, especially for
organic compounds with ¢* below 10° ugm~3. The results
also quantify the heuristics already being used by researchers
to minimize tubing delays, which are to minimize tubing
length, increase flow rate, and heat tubing. Heating tubing
increases the c* of the compounds being measured, reducing
their gas—wall partitioning coefficient and thereby decreas-
ing tubing delay. Sampling compounds through the tubing
at higher flows than necessary for instruments and dumping
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Figure 5. Simulated tubing delays presented as a function of ¢* and
flow rate for 3/16 in. ID PFA Teflon tubing. The range of conditions
for measurements made in this study are shown by the dashed box.
Values of ¢* were calculated using SIMPOL.1 (Pankow and Asher,
2008).

excess flow (oversampling) also reduces tubing delays by de-
creasing the time available for compounds to partition to the
walls. The delays for 3/16in. ID Teflon tubing presented in
Fig. 5 can be estimated using the empirical parameterization
in Eq. (13):

3.18 x 1073
Delay (minm_l) = x , (13)

0 % c*
473+ 0 8.11x 100+ c¢*

where Q is flow rate (L min~!) and ¢* is the saturation va-
por concentration (ug m~3) at the temperature of the tubing
calculated using SIMPOL.1. This parameterization matches
the model predictions of tubing delay within a factor of 1.2
for delays between 5sm™! and 60 minm™! across the range
of flow rates and c* plotted in Fig. 5. We note that although
the parameterization in Eq. (13) is based on diffusion coeffi-
cients D, estimated at 23 °C, changes in Dy due to tempera-
ture produce only small changes in predicted delay (~ 10 %
when raising temperature from 23 to 100 °C). This effect is
negligible compared to the change in delay caused by the ac-
companying shift in ¢* (several orders of magnitude for the
same temperature change), making this parameterization a
useful predictive tool for the changes in tubing delay caused
by changes in temperature. The parameterization does not,
however, take into account changes in the absorptive proper-
ties of Teflon that may occur at lower or higher temperatures.

3.2 Estimating Cy, for Teflon tubing

As mentioned above, the value of Cy, used in the model for
the 0.47 cm ID PFA Teflon tubing was estimated by fitting
the model predictions to the experimental data in Fig. 4. The
optimal value for Cy, was 4 gm™3 (grams of absorbing phase

www.atmos-meas-tech.net/10/4687/2017/
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per cubic meter of internal tube volume). In order to directly
compare Cy, in tubing and chambers one must correct for
differences in the surface-area-to-volume ratios. Since we
model gas—wall partitioning as occurring within a finite depth
at the surface of the Teflon tubing or chamber, the volume of
Teflon into which partitioning occurs is the product of the
Teflon surface area (SA) and the partitioning depth (). Cy,
can then be expressed as in Eq. (14):
SAsp

Cv=—" (14)

where p is the density of Teflon and V is the volume of gas
exposed to the given SA of Teflon. The equivalent wall mass
measured for tubing can then be scaled for comparison with
chamber values using Eq. (15):
SAchVidch pch

CW,Ch Cw,t SAthh (St o s (15)
where the subscripts ch and t denote the chamber and tub-
ing. As discussed above, d¢h/8; ~ 0.7-2, and since PFA (tub-
ing) and FEP (chambers) Teflon have the same density,
Pch/pr=1.

When scaled according to Eq. (15), the value of
Cwi=4gm™> reported above is equivalent to ~ 10—
30 mg m~3 of liquid organic aerosol in an 8 m> chamber. This
is comparable to the values of Cy, determined in FEP Teflon
chambers: 16 mgm™> for 1-alkenes and 24 and 78 mgm~3
for 2-ketones (Matsunaga and Ziemann, 2010; Yeh and
Ziemann, 2015), where values from Matsunaga and Zie-
mann (2010) were recalculated with ¢* values obtained using
SIMPOL.1 (Pankow and Asher, 2008). The similarity in Cy
values indicates that gas—wall partitioning of organic com-
pounds is similar for PFA and FEP Teflon. We also note that
since gas—wall partitioning in tubing depends on Cy, (Eq. 6)
and since estimates of Cy, depend on the method used to esti-
mate compound vapor pressures, researchers applying the re-
sults of this work to other compounds should use SIMPOL.1
to estimate ¢* values, even when measured vapor pressures
are available.

3.3 Effect of tubing diameter on tubing delays

We find that tubing delays are shortest for small diameter
tubing, provided that flow rate or Reynolds number is held
constant. When the tubing is being depassivated following a
step-function decrease in sample concentration one can treat
the residence time of compound in the walls of the tubing
(Tw) as the limiting step in depassivation. By substituting
Egs. (4), (6), and (14) into Eq. (5) one arrives at an expres-
sion for the residence time of a compound in the walls of the
tubing given in Eq. (16):

Gy Sipid
kac*  2¢* Dy’

(16)

Tw

which shows a linear relationship between ty, and tubing di-
ameter. While this approach is clearly a simplification and
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ignores the effect of flow rate on the rate of equilibration,
we show in Fig. S2 that our numerical model also predicts a
linear relationship between tubing delay and tubing diame-
ter when flow rate is held constant. This linear relationship
also aligns well with our experimental results. In Fig. S3
we present tubing delays and model results for 1/16 and
3/16in. ID tubing. In the region where delays are dominated
by gas—wall partitioning inside the tubing (c* < 10% ugm=3)
we observe that modeled and measured delays are three
times longer for 3/16in. ID tubing compared to 1/16in. ID
tubing. This relationship breaks down at higher volatilities
(c*>10° ugm™3) since ¢*>Cy and the extent of gas—wall
partitioning is small, giving very short residence times in the
walls. With this in mind, one can conclude that tubing delays
scale directly with tubing diameter at a constant flow rate
when delays are larger than a few seconds.

To quantify the effect of simultaneous changes in tubing
diameter and flow rate we generated model predictions of
tubing delay for a compound with ¢* = 103 ugm—>across a
range of tubing diameters and flow rates. These results are
presented in Fig. S4 and provide guidance for designing a
sampling system that minimizes tubing delay. As expected,
the model predictions indicate that smaller diameter tubing
has shorter tubing delays when flow rate or Reynolds num-
ber is held constant. The results in Fig. S4 also suggest that
one may be able to reduce tubing delays by sampling under
turbulent flow conditions. We did not attempt to quantify de-
lays under such conditions, however, in part due to the larger
pressure drops experienced in that flow regime, which are
undesirable under many circumstances.

3.4 Effect of instrumentation on delays

In these experiments gas—wall partitioning inside the PTR-
MS was the largest source of delay. We used the PTR-MS
time profiles shown in Fig. 2b to quantify the dependence
of this delay on ¢*, and the results are shown with the tubing
delays in Fig. 4. The instrument delays observed for the PTR-
MS are significant, equivalent to several meters of Teflon tub-
ing. This amount of Teflon is significantly larger than the size
of the PTR-MS inlet, indicating that the surfaces inside the
PTR-MS are stickier than Teflon. We encourage others to use
this method to determine delays caused by their particular
instrument across the range of volatilities being measured.
This volatility-dependent response function is important for
interpreting the time profiles of compounds being measured,
since it sets the lower limit for how fast the instrument can
respond to sudden changes in concentration. One can also
convolve the instrument response function with the output of
the tubing model to quantify the total delays caused by tub-
ing and the instrument, as described in the Supplement and
shown in Fig. S5.

Atmos. Meas. Tech., 10, 4687-4696, 2017



4694

4 Conclusions

We found that gas—wall partitioning of organic compounds
inside Teflon tubing significantly affects time-resolved mea-
surements of compounds with saturation concentration (c*)
below 107 uygm™3. The compounds measured in this study
(SIMPOL.1-calculated ¢* values ranging from 3 x 10* to
1 x 107 uygm™3) are all expected to exist entirely in the gas
phase in the atmosphere (Donahue et al., 2006). We found
that measurements of compounds in this volatility range were
significantly affected by delays caused by partitioning to the
walls of the tubing and the PTR-MS. We modeled the de-
lays caused by Teflon tubing using a simple chromatogra-
phy model and the gas—wall partitioning framework of Mat-
sunaga and Ziemann (2010). This model accurately predicts
tubing delays across all compound volatilities, functional
groups, tubing lengths and diameters, and flow rates tested.
The measurements and model simulations indicate that de-
lays can shift compound time profiles by minutes to hours
— timescales that are highly relevant to both laboratory and
atmospheric measurements.

A potential application of these delays is for estimating
compound saturation concentration, even when the identity
of the compound is unknown. Past work has proposed using
desorption kinetics inside an inlet as a technique for iden-
tifying compounds (Schuhfried et al., 2012), and the model
presented here can be used in a similar way. Another possi-
ble application is to induce time separation among different
compounds that are otherwise indistinguishable to the ana-
lytical instrumentation (e.g., compounds with the same accu-
rate mass in chemical ionization mass spectrometry (CIMS);
Stark et al., 2015), since the ¢* of multifunctional compounds
with the same molecular formula can often differ by 5 orders
of magnitude (Krechmer et al., 2015). The separation in time
can then be exploited via manual analyses or factor analysis
techniques (e.g., Ulbrich et al., 2009). This is equivalent to a
“poor-person’s chromatography,” but using ambient temper-
ature and Teflon surfaces that avoid thermal decomposition
of multifunctional species that can occur in gas chromatog-
raphy due to use of high temperatures (Stark et al., 2017).

Accounting for tubing and instrument delays is especially
important in circumstances where concentrations of the com-
pounds are changing rapidly, including eddy covariance mea-
surements, mobile platforms such as aircraft, rapidly chang-
ing emission sources such as fires or motor vehicle ex-
haust, and fast processes such as chemical reactions and
gas—particle—wall partitioning. As CIMS techniques continue
to be developed for detecting multifunctional organic com-
pounds, extra care must be taken to minimize the impact that
tubing and instrument surfaces have on measurements since
these compounds are especially sticky.

Based on our results, we recommend that studies mea-
suring intermediate volatility and semivolatile compounds
(¢* < 10° ug m~3) minimize the length of Teflon tubing used
and, since increased flow rates and smaller tubing diameters
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also help to mitigate tubing delays, use the fastest flow rate in
the smallest diameter tubing that still maintains laminar flow.
We also recommend that researchers determine the volatility-
dependent time response function of their instrument. This
sets the lower limit for the response time for a given com-
pound and allows for deconvolution of the effects of gas—wall
partitioning in the instrument from those in the inlet tubing.
The instrument response function can then be convolved with
the output of the model presented in this study to correct for
delay artifacts caused by gas—wall partitioning in Teflon tub-
ing. This method can also be used to characterize other tub-
ing materials as well as the effect of temperature and other
variables and to enable improved inlet system designs.

Code and data availability. Data for each figure and model code
are available for download at http://ciresl.colorado.edu/jimenez/
group_pubs.html (Jimenez Group Publications, 2017). The model
code can also be found in the Supplement.

The Supplement related to this article is available online
at https://doi.org/10.5194/amt-10-4687-2017-supplement.
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Error introduced by approximating laminar flow as perfectly mixed flow

The error introduced by modeling flow through the bins as perfectly mixed rather than laminar is
shown in Fig. S1. The concentration profile for laminar flow was produced using the residence time distribution

E(t) shown in Eq. (S1).

Et) = (S1)

2t3

where 7, is the mean residence time and ¢ is the time elapsed (Fogler, 2006). The error introduced by modeling
the flow as perfectly mixed is small, and this effect will only need to be accounted for when the tubing delays

due to partitioning are very short (of the order of a few seconds), if more accurate results are desired.
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Figure S1. Simulated time profiles of compound concentrations at the tubing exit assuming flow in bins is
perfectly mixed rather than laminar. The mixed flow profile was generated by running the model with gas-wall
partitioning turned off. The profiles are for 1 m of tubing with 3/16 in. ID at a flow rate of 1 L min"..
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Fitting procedure to estimate Cy

The effective wall mass C,, for PFA Teflon tubing was determined by fitting the model output for our
base experimental case (0.47 cm ID tubing sampling at 0.36 L min™') to the experimentally determined tubing
delays under those conditions. We varied C,,in the model to generate tubing delays as a function of ¢*, and we
then used an orthogonal-distance regression to minimize a sum-of-squares residual. These residuals were
calculated in log-log space (log(delay) vs log(c*), as the data is shown in Fig. 4) because both compound ¢ * and
tubing delays vary across several orders of magnitude and we wished to avoid biasing the fitting towards data
acquired at high c¢* or at longer tubing delays. The C,, value assumed by the model was then varied to find the
minimum residual, giving an optimal C,, value of 4 g m™. The delays predicted for this C,, value are plotted in

Fig. 4.
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Figure S2. Simulated tubing delays presented as a function of tubing ID at various flow rates for a compound
with ¢* = 10° pg m™ sampled through PFA tubing.
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Figure S3. Comparison of measured and modeled tubing delays for 1/16 in. ID and 3/16 ID PFA Teflon tubing
sampling at 0.36 L min™!. Values of ¢* were calculated using SIMPOL.1 (Pankow and Asher, 2008).
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Convolving model output with instrument response time scale

When measuring gas-phase organic compounds one must account for delays arising from tubing and
from instrument surfaces. The chromatography model developed here allows one to simulate the delays from
tubing, and the procedure described in the text allows one to measure delays from the instrument. The
instrument response R(?) is then the convolution of the tubing model output F(z) with the instrument response

function /(2), as in Eq. (S2).
R() =F(t) «I(t) = [ '[F(t— 1) x I(D)]dt (S2)

This approach was evaluated by sampling a set of 2-ketones from an equilibrated environmental chamber into
the PTR-MS in a 60 s pulse, with the PTR-MS sampling clean air before and after the pulse. The experiment
was conducted with 1 m of 3/16 in. ID PFA tubing sampling at 0.36 L min™'. As seen in Fig. S5, the convolution
of the model output with the instrument response function for each 2-ketone gives excellent agreement with the
experimental data. For example, a 60 s pulse of 2-tridecanone is convoluted to a response lasting more than 20
min, underscoring the importance of accounting for both tubing and instrument delays.

After the experiments described in this work were completed we removed all extraneous tubing from
the inlet of the PTR-MS in an attempt to minimize the instrument response time for future work. This was a
success, and we decreased the instrument response time by a factor of 5 by reconfiguring the inlet. This result
again shows the importance of minimizing the total amount of tubing in a sampling configuration when fast

instrument response is needed.
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Figure S5. Measured and modeled time profiles for a 60-second pulse of 2-ketones measured by the PTR-MS

through 1 m of 3/16 in. ID PFA Teflon tubing at 0.36 L min"'. The tubing model output was convolved with the

65 instrument response function for each 2-ketone to generate the profiles.



