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Abstract. We report evidence that carbon impregnated conductive silicone tubing used in
aerosol sampling systems can introduce two types of experimentaltartifasilicon
tubing dynamically absorbs carbon dioxide gas, requiring greater than 5 niomtgash
equilibrium and 2) silicone tubing emits organic contaminants containing siloxane that
adsorb onto particles traveling through it and onto downstream quartz fiber filtees
consequence can be substantial for engine exhaust measurements as bdshdaiftdy
impact calculations of particulate mass-based emission indices. Theoenoiksi

contaminants from the silicone tubing can result in overestimation of organeparti
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mass concentrations based on real-time aerosol mass spectrometry antirtae off-

thermal analysis of quartz filters. The adsorption of siloxane contaminantdectrtia

surface properties of aerosol particles; we observed a marked reduction atehe w

affinity of soot particles passed through conductive silicone tubing. Thesermambi
observations suggest that the silicone tubing artifacts may have wide consequémnee f
aerosol community and should, therefore, be used with caution. Gentle heating, physical
and chemical properties of the particle carriers, exposure to solvents, and gémgya
influence siloxane uptake. The amount of contamination is expected to increase as the
tubing surface area increases and as the particle surface aresascr@de effect is
observed at ambient temperature and enhanced by mild heating (<100 °C). Further

evaluation is warranted.

1. Introduction. Typical aerosol characterization experiments require tubing to convey
particle-laden gas streams from the source to the particle chenratber instruments.
Aircraft gas turbine engine exhaust gas — which must be cooled and diluted prior to
reaching the instruments — is a specific particle source which néadysarequires use

of sample extraction and sample tubing (Lobo et al., 2007). Even most studies of
ambient particles require a short length (< 3m) of tubing to convey and distrimpkesa
to particle instruments. To avoid experimental bias, sample tubing must meet the
following two requirements: 1) high particle transmission efficiency @sedo 100% as
possible) for particles of all important sizes; 2) zero particle contaimm@ncluding

condensation and/or nucleation).
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Several monographs describe the guidelines for minimizing particle insses
sample probes and sample lines (Brockman, 1993; Hinds, 1999). Kumar et al. (2008)
recently reported results and comparison with theory for a line-loss stedjedirat
guantifying the particle loss effects encountered in street canyonreepési The most
prevalent mechanisms for particle loss include diffusional loss, inertialdinds
electrostatic loss. For particles relevant to engine exhaust st8eB88 qm diameter),
diffusional and inertial losses are minimized by maintaining turbulent gowploying
sample tubes with large volume/surface area ratio, maintaining shddgnesitimes, and
avoiding sharp bends. Electrostatic losses are eliminated by use of conductige tubi
which prevents localized build-up of charge on the tube walls. Metals (copper,
aluminum, stainless steel) are the preferred materials for padiolgliag tubing. In
some applications, flexible tubing may be desired — especially in casesraiersetup
is required, for translating sample probe systems, or if the samplirgrsyeguires
connections be made in tight spaces.

Recent use of carbon impregnated conductive silicone tubing as a flexible
alternative to metal tubing has become prevalent. Several vendors supphedilibing
and we have found no substantive variation in the performance of their products.
Compared to metal tubing, conductive silicone tubing can be assembled rapidly and made
to conform to unusual space requirements. Based on particle transmission alone,
conductive silicone tubing is an acceptable substitute to metal. Figure 1 shows that
particle transmission through conductive silicone tubing is nearly equal t@that f
stainless steel tubes, all other variables held nearly constant (50 m of tubimgflowi

particle laden gas at 50 SLPM, 297.4 K, 1 bar, 1.75 cm i.d. for silicone tubing, 1.17 cm
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84 i.d. for stainless steel tubing). For the conductive silicone and stainlestibtag|
85 penetration is greater than 90% for particles between about 50 and 200 nm and drops
86 rapidly for particles smaller than 50 nm. The predicted penetration agreggienally

87 well with that observed for all particle sizes considered, provided that the tubing is

1 .0 + 1 T 1 T I T 1 T 1 I ] 1 ] 1 I 1 ] +
c 08f -
o - ]
< i ]
Q 06 ]
[} - .
o L .
(_“ = -
6 04r ~
© 5 -
L‘I_E - M M polyvinyl chioride .
0.2 " ® stainless steel m
i A conductive silicone ’
R " — calculated transmission |
0.0 + L M 1 I 1 L 1 L I 1 1 1 1 I 1 1 N 1 +

0 50 100 150 200

88 Particle Diameter (nm)

89 Figure 1. Fractional penetration (transmission) of size selected soot particdesg)h test
90 sections of stainless steel, conductive silicone, and polyvinyl chloride tubiagtioRal
91 penetration is nearly identical for stainless steel, and conductive silidoing.t

92 Electrostatic losses in the non-conducting polyvinyl chloride tubing grestlice

93 particle transmission. The penetration calculated for conductive tubing is shown for
94 reference. Calculated penetration includes losses due to diffusion and ieditltrags

95 but not electrostatic losses. Conditions: 50 SLPM flow rate, 1.27 cm i.d. tubing, 50m
96 tubing length, 25°C, 1 bar pressure.

97

98

99 conductive. The much lower particle penetration shown in Figure 1 for polyvinyl

100 chloride (PVC) tubing is likely due to electrostatic losses. Typical apipircaf

101 conductive silicone tubing for particle counting instrumentation (e.g. condensation
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particle counters (CPC), scanning mobility particle sizers (SMPS), anctdindr

instruments) may be justified.

2. Sampling Artifacts. Despite being appropriate for certain applications, we
recommend that silicone tubing be used judiciously. We have identified two sampling
artifacts that conductive silicone tubing introduces: 1) biases in sampled carkiole di
concentrations, and 2) emission of siloxane compounds that contaminate air and particle
transported through the tubing. We share laboratory and field data which provide
evidence of both types of artifacts. The carbon dioxide artifact can causdconetion

of sample dilution and pollutant emission indices (mass pollutant emitted peohfiask
consumed) for engine exhaust studies. The siloxane artifact altersepestigbosition,
inflates particle mass (especially mass of semi-volatile jpesjicchanges particle surface
properties, and introduces positive mass biases into filter-based samplivogl snieir
particulate carbon. Table 1 summarizes our findings and respective conditions. Our
observations complement and expand a previous report describing particle comaminat
from conductive silicone tubing. Based on the mounting evidence, we recommend that
caution be exercised when using silicone tubing for aerosol sampling andetization
experiments since standard testing procedures may not reveal the cotibamina

Artifact 1: Carbon Dioxide UptakeFor engine exhaust measurements, above ambient
levels of CQ are taken as tracers for fuel combustion. Uptake ofitO silicone

tubing will introduce errors in the calculation of the dilution ratio used to quantify mass
pollutant release per unit fuel burned (emission indices). To quantify the uptake effe
the concentration of CQvas measured before and after passing through test sections of

flexible conductive silicone (1.75 cm i.d. x 15.2 m) and rigid 306 stainless steel tubing
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126 (1.17 cmi.d. x 15.2 m). The sample lengths used here are typical for engine exhaust
127 experiments which require a substantial standoff distance between the enbihe test
128 equipment, as is the case for testing of gas turbine engine exhaust. Ebwaf@aand 50
129 SLPM were used giving residence times of ~40 and 4 seconds. Thgee CO

130 concentrations characteristic of engine exhaust were tested (5.00%, 1.69% and 0.80%).
131 In atypical experiment, the test section of tubing was conditioned by flowiagré®©

132 nitrogen gas over it for roughly 10 min. Then, G&&s introduced into the stream at the
133 desired mixing ratio and fed directly to the £d&tector, bypassing the test section. The
134 CO, gas was then re-directed to the test section of tubing and thed@Centration

135 monitored. Figure 2 shows representative, @&ta collected after passing through the
136 stainless steel and silicone test sections. Data are normalized us@@the

137 concentration measured in bypass mode. Compared to stainless steek the CO

138 concentration was reduced by ~5% (from 50,000 ppm to 47,500 ppm) after passing
139 through the silicone tubing. Similar decreases in Gdhcentrations were observed at
140 the lower CQ concentrations tested. The £€ncentrations appeared to slowly recover
141 with time; however, they did not fully recover after 5 min of stable operation. Fgr man
142  experiments (e.g., transient exhaust plume sampling or when engine tastlimied),

143 the transient uptake of G@nay introduce systematic errors on the order of 5% ip CO
144  concentration and emission index calculations - or require careful plannirg of te

145 conditions and substantial (> 5 min) equilibration times. Tubing lengths shorter than 15.2
146 m had smaller C@uptake which recovered more rapidly.

147 CO, uptake might conceivably introduce uncertainty into aerosol mass

148 spectrometry data, as G©@ontributes to the m/z 44 signal. To avoid this error in systems
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where silicone tubing cannot be removed, we recommend using particle size data to
subtract the gaseous m/z 44 from particle m/z 44. The subtraction procedure should be
performed any time that the G@oncentration deviates by more than about 10% from
ambient values (approximately 380 ppm), especially when the particlesncontai

carboxylic acid functionality.
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Figure 2. CO, concentrations in air dilution gas (initially 50,000 ppmJCdrectly from

the flow manifold and after transport through 15.2 m of stainless steel or 15.2 m of
conductive silicone tubing. The G©@oncentration is about 5% lower after transport
through silicone tubing as compared to its concentration direct from the manifoldror aft
transport through stainless steel tubing. The Gidcentration after transmission

through silicone tubing appears to slowly recover, but the dynamic response time is
greater than 5 min.
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166 Artifact 2: Emission of SiloxanesWe have seen evidence of contamination emitted
167 from the silicone tubing used for several different research applications\aand ha

168 identified siloxanes as the key constituent of the contamination using independent
169 analytical techniques.

170 We previously observed siloxane compounds during several campaigns to

171 characterize aircraft engine exhaust particles (APEX-1, Lobo et al., 26@83clet al.,

172 2008; JETS-APEX2/APEX3, Timko et al., 2009). With repeated observation, we grew
173 suspicious that the source of the siloxanes may not be aircraft related. We have now
174 accumulated data from three separate sources that confirm that siliboreeis the

175 source of the siloxane contamination: 1) 70 eV electron impact (El) ionizatiomkeros
176 mass spectrometry of gas turbine engine soot particles and laboratory ¢iffdiseon

177 flame soot, 2) VUV-ionization high-resolution aerosol mass spectrometry afiorg

178 particles, and 3) Fourier transform infrared (FTIR) spectroscopy of diffiame soot

179 particles collected on quartz filters.

180 Although we had detected trace siloxane during previous aviation experiments,
181 these events provided too little signal (<5% of the total organic PM) to perform a

182 rigorous chemical analysis. A more recent engine test (Timko et al., 2@09)qat

183 sufficient data to make a positive identification. During that test, the nyaf@éi m) of

184 tubing was stainless steel or copper, with two important exceptions: 1) sénetal s

185 sections (1m total length) of silicone tubing were used in a valve box designed to

186 distribute gases to various experimental groups and 2) two short piecesglentth)

187 of 0.51 cm i.d. conductive siloxane tubing were used to make several tight connections 2

188 m before the sample gas reached the particle characterizatiaimiasts. Due to its
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proximity to the engine, the tubing in the valve box may have been exposed to elevated
temperatures (T > 50 °C) during the test, though the exact temperature at tieat loca
was never measured. Figure 3a shows a characteristic mass spectrum3a0y efGhe
engine exhaust particles obtained by an aerosol mass spectrometeretJalyn2000;

Canagaratna et al., 2007).

— ’:‘/’Z "3 (a) Engine Test Field Data —
m/z 147 m/z 207
= — iz 201 Mz 2811
s 4
> - L
@ m/z 73 (b) Laboratory PDMS sample |
o (MW = 770 g/mol)
£ - u
m/z 147  miz 207
| '?Z 221 1z 281)-
| [ /.
T 1 I T 1 T 1 I 1 T T T I T 1 T T I T T 1 T I
50 100 150 200 250 300

m/z
Figure 3. Characteristic El ionization mass spectra obtained for a) engine €xhaus
particles and b) aerosolized polydimethylsiloxane (PDMS). The m/z featistenctive

of PDMS, (m/z =73, 147, 207, 221, 281) are readily apparent as a contaminant in the
engine exhaust particles.

The spectrum in Figure 3a was measured for particles sampled 1 m froxit the e

nozzle of a commercial gas turbine engine operating at 85% of its full hatesd. t

Electron impact (El), a technique associated with significant molecutanéatation,
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was the ionization method for the spectra in Figure 3, and the resolution was unit mass
(m/ m 800 at m/z 184). In addition to features consistent with fragmentation of a
hydrocarbon backbone (m/z = 41, 43, 55, 57, etc.), a series of lines with m/z = 73, 147,
207, 221, and 281 is clearly evident in the mass spectrum. The distinctive m/z pattern
allows identification of an organosilicon compound in the particles. Dong et al. (1998)
recorded the mass spectra of several organosilicon polymers using gaatography
tandem mass spectrometry. Of the silicon-bearing polymers tested fjyeDain (1998),
polydimethylsiloxane (PDMS) provided the best match to the field spectrum shown i
Figure 3a. Figure 3b shows the mass spectrum of a PDMS sample obtained by
aerosolizing the polymer directly into the same aerosol mass spectrosedeturing
the field test. The match between the primary feature present in Figund Begare 3b
is excellent. PDMS samples with different molecular weights (700, 1,500, and 2,600) ar
gualitatively similar; the only difference being that the ratio of m/z =0#B& other
peaks decreases with molecular weight. Dong et al. (1998) identified the m/z = 73 peak
as the ionized monomer unit — SIO(g(H,)" — while the larger peaks (m/z = 147, 221)
are the dimer and trimer, respectively. For El ionization, the molecularries se
therefore of the form SiO(GH{CH,)(SiO(CHs)(CHs))»" and the mass of a given
fragment follows the series 73 + 74(n). Several secondary peaks are present in t
electron impact spectrum (e.g., m/z 221 and 281) which result from loss,offidps
from the SiO(CH)(CH,)(SiO(CHs)(CHs)),' series.

Data from the engine test experiments identified the PDMS contaminant, but
could not verify the source of PDMS as the fuel tank and fuel line seals, fuel additive,

exhaust gas probes, and sample transfer lines may have plausibly introducedn®RDMS
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228 the particles. We dismissed the fuel-related options as we deemed it utlgkeRDIMS

229 would survive the combustion process. Several different exhaust gas probes were used
230 throughout the experiment and they yielded similar PDMS signatures and gsantiti

231 leaving the common sample transfer lines — and the silicone tubing used inabé¢he-

232 most likely source of the PDMS contaminant.

233 Three subsequent tests unequivocally identified the silicone tubing as the source
234  of the PDMS contaminant and demonstrated that the artifact is not limited to engine

235 exhaust studies.

236 In one experiment, the size-resolved composition of particles emitted from a

237 diffusion flame of kerosene fuel was characterized using on-line aerosol mass

238 spectrometry. The combustion-generated particles were passeditbithey a 30.5 cm

239 test section of as-received carbon impregnated conductive silicone tubing (0.953 cm o.d.,
240 0.635cmi.d.) or stainless steel tubing (0.635 cm 0.d., 0.476 cm i.d.). Representative
241 size-resolved composition data are plotted in Figure 4 when the section of silicorge tubi
242 served as the conduit for organic aerosol particles. Substantial PDMS pick ugeist evi
243 on the 30-100 nm vacuum aerodynamic diameter soot particles (roughly 10% by mass)
244 and the PDMS is present as an internally mixed aerosol together with sooéegarticl

245 (Timko et al., 2008; Onasch et al., 2008). During tests to characterize the geometric
246 diameters of various forms of soot, Schneider et al. (2006) found evidence of a siloxane

247  coating consistent with our results.
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Figure 4. Particle size distribution of organic material and PDMS coated on sootgzrticl
generated by combustion of kerosene in a diffusion flame. Data were abbeetethe
course of an hour by an aerosol mass spectrometer. The mass loading of PDMS is about
10% of the total organic material in the 30-100 size range. The size distribution of
PDMS and organic material indicates well-mixed particle population for &xsat s
particles (30-100 nm). Ambient organic aerosol present in the laboratory during the
testing period (diameter > 200 nm) has measurable but lower capacity fd8 PDM
compared to the soot particles. The ratio of the organic scale to the PDME 4&ale
Figure 4 also shows that organic aerosol particles present in the air in ourdabanat
used to dilute the primary exhaust sample (i.e., the size mode greater than about 500 nm
picked up about 5 wt % of the PDMS contaminant. In contrast, this siloxane aréfact w
never observed when stainless steel tubing was used in place of the silicone tubing.

In a second experiment, designed to study heterogeneous chemistry (&jth e
2009), we obtained independent evidence supporting our PDMS assignment using a high

resolution (m/m ~ 3,000 at m/z 184) mass spectrometer coupled with a soft-ionization

technique (10.5 eV VUV radiation). In this experiment, organic aerosol particles
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(squalane, ggHes2) were generated in a nucleation oven and later sampled into the aerosol
mass spectrometer through a short (1 m) section of silicone tubing. During post-
processing, evidence of PDMS compounds was observed in the mass spectra; the
contamination was strongest after the silicone tubing was inadverteptigezkto

methanol. The high resolution, soft-ionization instrument permitted us to obtasn mas
defect spectrometry data for high m/z (m/z > 500) PDMS ions. Figure Sfwese
characteristic high resolution mass spectra data for the large PRNIBdnt ions. The

distinct m/z series containing 503, 577, 651, 725, 799, 873, and 947 is clearly evident in

| | | | | H
B | contaminant spectrum
® calculated isotopic pattern-

_—I LI I LI
F Am =74.02 +0.03
C Loss of SiO(CHj), unit
5 o 650 652 654 656 658 660
2 C m/z
2> . SIO(CH,)
‘® s
c C
§) o
£ C
- IsiocH,)
- SIO(CH,)
L sloCcH,) SIO(CH,)

e

500 600 700 800 900
m/z

Figure 5. High resolution (m/m ~ 3,000) mass spectrum for the PDMS contaminant
obtained after soft-ionization using VUV radiation. Adjacent peaks are saphyate
74.02 £ 0.03 mass units, which corresponds to SiQ(Qhkh/z 74.02). The inset
compares the experimental spectrum to the predicted isotopic fragmentéitson foa
(SiO(CH)2)sSIOCHs".
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the data. In slight contrast to the El ionization data presented in Figure 3, thendifer
between consecutive peaks resulting from soft ionization is always 74 masslufést,
for the high resolution spectra the exact difference is 74.02 £ 0.03 mass units, matching
the weight of the SIO(CHk" fragment ion within instrumental mass calibration
precision. The soft ionization series follows the distinct m/z pattern of 59 + 74(n),
indicating the molecular ion carrier is either of the series SIQ(SHD(CHs),)," or
SiH(CHs)2(SiO(CHs),),". Based partially on the (SiO(GH)," molecular ion carrier
observed with El ionization, we suspect that the soft ionization carrier is of the
SiO(CHs)(SIO(CH),)," series. As further support of the SiO}h/z 59 assignment,
the strongest cluster of peaks occurs at m/z 651.11(6) which more closely magches t
mass of (SiO(Ch)2)sSIOCH;" m/z 651.14(5) than (SiO(Gh3)sSiH(CH)," m/z
651.18(2). The inset to Figure 5 shows a close-up of the m/z 651 mass spectra region
side-by-side with the calculated isotopic pattern for (SiQ§gESiOCH:". The isotopic
match is excellent, confirming our assignment of the SiQf£tonomer to the
observed spectrum.

In a third experiment, FTIR spectroscopy provided complementary identficati
of siloxane condensed on soot particles collected on filters. The soot was produced with
a diffusion flame of methane and air (Kirchstetter and Novakov, 2007) and waseazbllect
with three PTFE membrane filters (Pall Life Sciences, 2aQpore size) in stainless steel
holders immediately downstream of two sections of silicone conductive tubing (for 1.27
cm hose barb) and one section of 1.27 cm stainless steel tubing, each 75 cm long.
Heating tape was applied to the upstream end of one of the pieces of silicone tiiging. T

air temperature four centimeters into the upstream ends of the heated anddunheate
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silicone tubing lines (the point of maximum temperature) was 51 and 24 °C, resjyecti
The sampling airflow rate through each line and duration were 12 SLPM and 80 min,
respectively.

The soot was removed from the filter and pelletized with KBr. FTIR spectra
recorded in the transmission mode (Magna Nicolet 760) are shown in Figure 6. Peaks
corresponding to siloxane functional groups were observed in the soot collected through
the silicone tubing, but were not evident in the soot collected through the stairgéss ste

tubing. We assigned the following bands to siloxane functional groups: So€tiding

805 cm™' Si-(CH,),

| 1259 cm™' Si-CH,

1111-1020 cm™" Si-O-Si

0]
o
C L
3
5 heated silicone '
(7)) ]
o) , [
< ' Lo 0
Iy ' A U ‘ ]
Y ' \ ] \
[] \ \ . [] \
P + unheated silicone, ~ ! S
—o - - = - d - - —
| PN ,“‘\ ‘.o-‘ < -~ "_
=/ . « stainless steel” ~--’" %

1300 1200 1100 1000 900 800 700

Wavenumber (cm'1)

Figure 6. FTIR spectra of soot passed through equal lengths of stainless steel and
silicone conductive tubing at room temperature (unheated), and heated silicone
conductive tubing. Peaks in the spectra of the soot collected via silicone tubing
correspond to siloxane functional groups and are not evident in the spectra of soot
collected via stainless steel tubing. The distance between each tick nthekvamtical

axis is 0.01 absorbance units.
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(1259 cm'), asymmetric Si-O-Si vibration (1020-1111 mnand Si-(CH), rocking
vibrations (805 crl) (Wachholz et al., 1995). The asymmetric Si-O-Si vibration peaks
were more resolved and the Si-£ibeénding peak was more pronounced for the soot
collected through the heated silicone tubing than the silicone tubing at roomdamger

3. Consequences of Contamination from Conductive Silicone Tubin@he emission

of organic contaminants from silicone tubing can have undesirable consequences. We
have identified three circumstances when using this type of tubing can lgaohioes
conclusions about the mass concentrations and physical behavior of aerosol particles
Our analysis has not been exhaustive (i.e. our results cannot be used quantitatively to
assess the potential contamination in experimental circumstances not delserg)e
however, our results do illustrate significant artifacts when sampling Gobous

aerosol particles and, to a lesser degree, @@centration measurements through carbon
impregnated silicone tubing. Therefore, we recommend caution be exercised when
silicone tubing is used for particle characterization experiments.

Consequence 1: Addition of Particle Maddaving positively identified the siloxane
contaminant in the engine exhaust particles discussed above, we set out to quantify its
concentration. The SiO(G}H monomer unit in PDMS has a distinct mass spectrum from
other hydrocarbon-like organic material (e.g. partially oxidized fuekanadt engine
exhaust and lubricating oils), which provides an opportunity to quantify the fraction of
particle material which is PDMS. Overlap between PDMS and hydrocarbon organic
compounds occurs at m/z 55, 57, etc; these peaks constitute less than 5% of the total
PDMS spectrum and were assumed to be entirely organic. >Reviewer #1 comment 3>

Based on the limited overlap between PDMS and other interfering speciesimatess
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our PDMS detection limit to be 50 nghin the presence of engine exhaust (for a 10 sec
sampling period); in the absence of any interference, our detection limit dasleree

times the measurement noise is 3 nY(for a 10 sec sampling period). The major
characteristic PDMS peaks at m/z = 73, 147, 207, etc. were assumed to be entieely due t
PDMS. With these assumptions, we calculate that PDMS constitutes about 30% of the
entire particle mass defined as “organic” in the spectrum pictured in RBgur8imilarly,
roughly 10% of the organic mass present on the laboratory soot (Figure 4) was PDMS.
Instruments designed to measure total particle mass loadings would havéroaseds
semi-volatile organic PM (that is, particle mass which exists in the gas pha
temperatures greater than 100 °C) by up to 30% for these two specific cases, and without
corresponding chemical composition information the data could not have been dorrecte
during post-processing.

Consequence 2:Positive mass bias in filter-based technigOesline aerosol mass
spectrometry is a powerful technique, but it is not as commonly practicecas filt
collection of particle samples and off-line analysis. We performed singitevidich

indicate that silicone tubing may introduce a positive mass bias for filted-base
techniques used to measure concentrations of carbonaceous particulatelmttese

tests, quartz fiber filters (Pallflex 2500 QAT-UP) were used to sampllkeadihad passed
through parallel sections of tubing: heated silicone, unheated silicone, and unheated
stainless steel (the same as used in the experiments that produced Figee 6)

sampling flow rate and duration were 10 SLPM for 55 min in each case. The air was

initially particle free and scrubbed of organic gases using an activateahcdenuder.
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The air temperature at four centimeters into the upstream ends of tee aedtunheated
silicone tubing lines in this experiment was 45 and 22 °C, respectively.

The carbon content of each filter was quantified using the thermal analysis
technique of Kirchstetter and Novakov (2007). The carbon evolved from each filter as it
was heated is shown in Figure 7a. The filters downstream of both the heated and

unheated silicone tubing collected significant amounts of carbon; the forrreated|
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Figure 7. Evolution of carbon as a function of temperature for (a) quartz filters that were
used to sample patrticle free air through heated and unheated silicone cortdbatiye

and unheated stainless steel tubing and (b) a front and a backup quartz filtezdollect
downstream of heated silicone conductive tubing.
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380 about 50% more mass than the latter. In contrast, the filter downstream aiinihesst
381 steel tubing was comparatively free of carbon, proving that carbon on filters deawnst
382 of the silicone tubing was emitted by the silicone tubing. The features of the carbon
383 thermograms — both the relative heights and temperatures of the primary peak and
384 secondary peaks are consistent with those of sorbed organic vapors on quartz filters
385 (Kirchstetter et al., 2001). Figure 7b shows thermograms of two quartz filters

386 downstream of the same section of heated silicone tubing in similar expemménth
387 one gquartz filter was preceded by a PTFE membrane filter. The partideakem

388 efficiency of the PTFE membrane is essentially 100%, so the presencbaf oa the
389 backup quartz filter proves that this carbonaceous material was gaseoutheathe

390 particulate when it was collected, demonstrating that particles aregudreictto carry

391 the vapors emitted from the silicone tubing. We infer that the vapor is likelyjidkarse
392 compound identified above. Our observations are consistent with the diffusion of low
393 molecular weight siloxanes from the bulk to the surface of the silicone tublhgsva
394 described by Hunt et al (2002) and Olah et al. (2005), followed by their releadeeinto t
395 vapor phase.

396 While the collection of particulate matter with quartz fiber filters amd th

397 subsequent thermal analysis of the filters is a widely used method for quantifyi

398 concentrations of carbonaceous particulate matter, the technique is prone to a major
399 sampling artifact: the adsorption of organic vapors to the quartz filters. Théedsor
400 vapors on the filter, in addition to the collected particulate matter, evolve duringgihe

401 analysis. Particulate carbon concentrations derived from this analysighenéifore, be
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overestimated if the adsorbed carbon is not discounted. This artifact is known as the
positive sampling artifact for particulate carbon.

The experiments described above illustrated that the use of silicone conductive
tubing results in the adsorption of organic vapors to quartz filters. If this carbon is
mistaken as particulate, the apparent particulate carbon concentrations foratesl”
and “unheated” quartz filter samples collected through silicone tubing showrune Fig
are 64 and 39 pgC frfor the experimental configuration and tubing lengths used here.
While heating the tubing enhanced the artifact, the positive bias still langgéced to
typical atmospheric carbon particulate matter concentrations, forpegin the case
when the tubing was not heated.

A sampling method recommended to quantify the magnitude of the positive
artifact — and to correct for it — involves sampling with a backup quartz filteereit
placed behind the primary quartz filter or behind a PTFE membrane filter ((Tetral.,

1994). This method works well if the backup and front quartz filters adsorb comparable
amounts of organic vapors, in which case the amount of carbon on the back quartz filter
can be subtracted from the amount of carbon on the front quartz filter. As shown for the
experiment depicted in Figure 7b, the quartz filter behind the PTFE membrane filt
provided a good measure of the artifact. In most published instances, however, this
correction is not applied to particulate carbon concentrations (Novakov et al., 2005).
Consequence 3: Alteration of Particle Surface Propertigsaddition to the quantitative
biases observed for aerosol mass spectrometry and filter collection ayslsaves

observed that the silicone tubing can alter the surface of sampled partjobesfic8lly

during the production of suspensions of soot in water for various research applications,

21/31



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

Sampling Artifacts from Conductive Silicone Tubing 6/22/2009

we observed that passing of soot through silicone conductive tubing altereckits wat
affinity. Our production of soot suspensions involved 1) collecting soot generated with a
diffusion flame of methane and air through stainless steel tubing onto a stretétied PT
membrane filter, 2) exposing the soot-laden filter to ozone via PTFE tubing, and 3)
rinsing the soot from the filter with water and collecting it in a beakehaktgoint, a

simple swishing of the water formed a stable soot suspension (Figure 8a). Theéazonat
step leads to the formation of polar surface groups, such as carboxylates (8imith a
Chughtai, 1997), which apparently transforms the soot from a hydrophobic to a
hydrophilic state. If the ozonation step was skipped, the soot remained hydrophobic and
would not wet, clustering at the water surface.

The influence of the silicone tubing was noted when the first step of our method
was altered to include a 75 cm length of silicone conductive tubing in lieu of stainles
steel tubing. In this case, the soot particles remained hydrophobic eveheafter t
ozonation step (Figure 8b). Thus, including the silicone tubing prevented the

transformation of the soot from a hydrophobic to hydrophilic state.
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() (b)

441
Figure 8. (a) Soot from a diffusion flame made hydrophilic by reaction with ozone.
Shown is the soot as it is mixing with water. (b) Soot from a diffusion flame thanhdoes
mix with water despite ozone exposure. The soot in (b) was collected through silicone
conductive tubing as opposed to the soot in (a), which was collected through stainless
steel tubing.

We considered the mechanism preventing the soot’s transformation to a
hydrophilic state, though it still remains an open question. Adsorbed siloxanes may
inhibit (i.e., poison) the surface oxidation reaction necessary for making the soot
hydrophilic. FTIR measurements, however, indicated the formation of hydrophilic
(Chughtai et al., 1991) carboxyl groups upon ozonation in samples of soot regardless of
whether they had passed through the heated silicone or unheated stainlagsisteel t
Another possibility is that the adsorbed vapor was hydrophobic and rendered the soot
hydrophobic despite its surface oxidation. We observed in the experiments described
above that the adsorption of the vapor emitted by the silicone tubing onto quartz filters
increased their hydrophobicity, supporting this hypothesis. A drop of water placed on the

“heated silicone tubing” filter (referenced in Figure 7a) remained on fiscawvhereas a

water drop placed on the “unheated stainless steel tubing” filter wagiateig soaked
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into the filter, demonstrating the hydrophobic nature of the vapor emitted byicbaesi
tubing. FTIR measurements indicated the continued presence of the siloxane during
ozonation, and while these data do not give a complete description of the soot surface,
they suggest that the persistence of the siloxanes may render the soot hydroplnobic eve
though some oxidation of the soot may occur.

4. Mechanisms of Siloxane Uptake by ParticleExperimental observations suggest

that the PDMS entrainment mechanism primarily involves gas-to-paracisfér of
short-chain PDMS oligomers. Transfer of PDMS polymers into the samplmsti@a

direct entrainment of loose particles is another plausible mechanism, but exypealim
particle size data suggest that particle shedding is a minor contamiratroa.sAs
suggested in Figure 4, PDMS was typically present as an internally mraswlae

together with an organic fraction. PDMS particles shed directly from the tulaithg

would likely be present as an externally mixed aerosol population. Only the gas-to-
particle mechanism would lead to the internally mixed aerosol populations observed
experimentally. (Reviewer #1, comment #4) We cannot rule out particle shedding in all
instances; freshly received silicone tubing produced a PDMS response when foadicle
air was passed through it. The magnitude of the PDMS response was less thari®50 ng m
occurred sporadically with a frequency of about 0.02 Hz, and persisted less than 25 sec
(the time response of the instrument during this test was 25 sec). From these
observations, we conclude that particle shedding can occur under some circesystanc
but that the overall contribution to the observed contamination effects is likely to be

negligible compared to gas-to-particle uptake.
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The quartz filter experiments discussed above provide the best evidence that gas-
to-particle transfer must occur. In these experiments, a quartzfdised downstream
of a PTFE membrane collected organic carbon while sampling purified aivathat
contacted the silicone tubing. The collection of carbon could only have occurred due to
adsorption of gaseous materials — i.e., siloxane — that had evaporated frdiaghe si
tubing. In the presence of a particle carrier, the siloxane materials wealdoadense
on the particles. Therefore, we conclude that gas-to-particle conversioberarst
important mechanism whereby siloxane is introduced to the particles.

Gentle heating (<100 °C), particle carriers, and exposure to organic solvents
enhance siloxane uptake. Particle composition and surface area also may kantmport
We have studied PDMS uptake behavior for a range of particles: soot pageiesated
in a high pressure gas turbine engine and in a atmospheric pressure diffusion flame
burners, 50 nm < {) <120 nm), lubrication oil droplets (generated by a gas turbine
engine or atomization, 100 nm <0< 400 nm), organic aerosol (squalane generated
from atomizing a methanol solution and ambient particles present in both outdoor and
laboratory air), and ambient sulfate particleg{D 100 nm). PDMS uptake ranged from
below detection limits (50 ng thin the presence of organic interference such as from
engine exhaust, 3 ngin filtered air) to 1000 ng th Table 1 summarizes our
observations of PDMS uptake. Depending on the exact source and sampling
configuration, uptake onto soot particles accounted for 20-30% of the total organic
particle mass (absolute quantit200 to 1000 ng i). Lubrication oil droplets picked
up much less PDMS than soot — on the order of 1-2% by weight or absolute quantities of

about 10-50 ng M Insufficient PDMS was present on the lube oil to confirm coincident
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size distributions. PDMS content in poorly characterized organic panpiceent in
laboratory air was about 5% by mass (as shown in Figure 4). PDMS pickup bytambie
sulfate particles was below the instrument detection limits as PMSitted less than
0.1% of the sulfate particle mass (corresponding to a gas concentration of betieen 3

ng m°).

5. Conclusions and Recommendation€onductive silicone tubing use is associated
with two sampling artifacts: 1) erroneous £&ncentration measurements due to
dynamic uptake of C£and 2) contamination by polydimethylsiloxane (PDMS) vapors.
Contamination by PDMS inflates particle mass measurements madeobglarass
spectrometry and filter deposition methods. Moreover, PDMS pickup may alielepart
surface properties, specifically the hydrophobic/hydrophilic balance. Ydenreend
further tests be performed to evaluate the influence of silicone tubing on greuptake
of soot in in-situ aerosol hygroscopic growth experiments. Gentle heatisgnpesof
particle carriers, and exposure to solvents may enhance the contamination Hite
amount of contamination is expected to increase as the tubing surface aasescr
The effect is observed at ambient temperature and enhanced by mild heating (<100 °C
Increased tubing exposure surface area and particle surface areatiekipewrease
PDMS uptake. Despite its convenient flexibility and charge dissipation, we resmanm
that conductive silicone tubing be used with care for aerosol test experiments.

In some instances, the advantages of silicone tubing may outweigh its
disadvantages. In these cases, we recommend that special precautions be made to

manage potential errors. Specifically, when sampling particulate mattea quartz
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filter through silicone tubing to quantify particulate carbon concentration byé#he
analysis, we recommend the simultaneous use of a backup quartz filter to corteet fo

adsorption of organic vapors to the quartz filter.
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Figure Captions

Figure 1. Fractional penetration (transmission) of size selected soot partichegh test
sections of stainless steel, conductive silicone, and polyvinyl chloride tubiagtiofRal
penetration is nearly identical for stainless steel, and conductive silidoing.t
Electrostatic losses in the non-conducting polyvinyl chloride tubing grestiyce

particle transmission. The penetration calculated for conductive tubing is shown for
reference. Calculated penetration includes losses due to diffusion and sedtlilag),

but not electrostatic losses. Conditions: 50 SLPM flow rate, 1.27 cm i.d. tubing, 50m
tubing length, 25°C, 1 bar pressure.

Figure 2. CO, concentrations in air dilution gas (initially 50,000 ppmJAC@rectly from

the flow manifold and after transport through 15.2 m of stainless steel or 15.2 m of
conductive silicone tubing. The G©@oncentration is about 5% lower after transport
through silicone tubing as compared to its concentration direct from the manifoldror aft
transport through stainless steel tubing. The Gidcentration after transmission

through silicone tubing appears to slowly recover, but the dynamic response time is
greater than 5 min.

Figure 3. Characteristic El ionization mass spectra obtained for a) engine €xhaus
particles and b) aerosolized polydimethylsiloxane (PDMS). The m/z featistenctive

of PDMS, (m/z =73, 147, 207, 221, 281) are readily apparent as a contaminant in the
engine exhaust particles.

Figure 4. Particle size distribution of organic material and PDMS coated on sootgmrtic
generated by combustion of kerosene in a diffusion flame. Data were abbeetethe

course of an hour by an aerosol mass spectrometer. The mass loading of PDMS is about
10% of the total organic material in the 30-100 size range. The size distribution of

PDMS and organic material indicates well-mixed particle population for sxsat s

particles (30-100 nm). Ambient organic aerosol present in the laboratory during the
testing period (diameter > 200 nm) has measurable but lower capacityNts PD

compared to the soot particles. The ratio of the organic scale to the PDME 4&ale

Figure 5. High resolution (m/m ~ 3,000) mass spectrum for the PDMS contaminant
obtained after soft-ionization using VUV radiation. Adjacent peaks are seganat
74.02 £ 0.03 mass units, which corresponds to SiQ(3kh/z 74.02). The inset
compares the experimental spectrum to the predicted isotopic fragmentéitson foa
(SiO(CH)2)sSIOCHs".

Figure 6. FTIR spectra of soot passed through equal lengths of stainless steel and
silicone conductive tubing at room temperature (unheated), and heated silicone
conductive tubing. Peaks in the spectra of the soot collected via silicone tubing
correspond to siloxane functional groups and are not evident in the spectra of soot
collected via stainless steel tubing. The distance between each tick nthekvanmtical
axis is 0.01 absorbance units.

Figure 7. Evolution of carbon as a function of temperature for (a) quartz filters that were
used to sample particle free air through heated and unheated silicone cortdbatiye

and unheated stainless steel tubing and (b) a front and a backup quartz filtezatollect
downstream of heated silicone conductive tubing.
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Figure 8. (a) Soot from a diffusion flame made hydrophilic by reaction with ozone.
Shown is the soot as it is mixing with water. (b) Soot from a diffusion flame thahdoes
mix with water despite ozone exposure. The soot in (b) was collected through silicone
conductive tubing as opposed to the soot in (a), which was collected through stainless
steel tubing.
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