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Abstract. The quantitation of trace organic compounds in understanding of this composition has significant benefits;
ambient organic aerosol is difficult due to the chemical com-speciation of organic aerosol improves source attribution
plexity of these mixtures, but is needed to provide insightby quantifying specific tracers known to originate from
into their sources and formation processes. Compound-leved given source. These tracers include directly emitted
characterization of organic aerosols is typically performedcompounds, such as levoglucosan from woodburning and
through sample collection followed by gas or liquid chro- hopanes from diesel exhaust, as well as secondary com-
matography. With these methods, introduction of liquid stan-pounds formed through the oxidation of volatile organic
dards has long been used as an effective means of quantifyingtpmpounds (VOCs), such as phthalic acid and furanones
trace compounds, but automating this technique for use witRogge, 1993; Schauer et al., 1996; Fraser and Lakshmanan,
in-situ instrumentation has not previously been achieved2000; Mazurek, 2002; Simoneit, 2005; Williams et al.,
Here we develop an automatic injection system (Autolnject)2010). Detailed analysis of aerosol composition has also
for the introduction of liquids into a custom collection and contributed to a better understanding of formation mecha-
analysis cell for improved quantitation in chromatographic nisms and atmospheric oxidation processes (Gao et al., 2004;
measurements. The system consists of chilled reservoirs cordaoui et al., 2008; Surratt et al., 2008; Winterhalter et al.,
taining liquid standards from which a sample loop is loaded2009). Consequently, a number of methods have been devel-
and then injected into the cell. The Autolnject is shown to oped to speciate aerosol and quantify useful tracers. Most of
be reproducible over 106 injections with a relative standardthis work has relied on filter collection and subsequent chro-
deviation of 1.5 %, and have negligible injection-to-injection matographic separation, either using thermal desorption gas
carryover. A 6-port selector allows injection of different lig- chromatography (TD-GC) or solvent extraction followed by
uid standards separately or simultaneously. Additionally, audiquid chromatography (LC) or GC.
tomatic injection of multiple sample loops is shown to gener-  aAccurate quantitation using chromatographic methods re-
ate a linear multi—point calibration curve. Tests conducted in"es on measuring detector response relative to direct|y in_
this work focus on use with thEhermal desorptioserosol  troduced authentic standards using a multi-point calibration,
Gas chromatograph (TAG), but the flexibility of the system often with a correction for variation in sample recovery or
allows it to be used for a variety of applications. detector drift. The most common technique for correcting
for run-to-run variability is to spike each filter with a known
quantity of some liquid internal standard (Mazurek et al.,
1 Introduction 1989; Schauer et al., 1996; Offenberg et al., 2011). How-
ever, though this method has been used with great success
Ambient atmospheric aerosol is known to contain thousandg$0 quantify compounds on filters, it poses a significant draw-
of organic compounds in trace amounts (Goldstein and Galback when applied to in-situ data collection; specifically, the
bally, 2007), making accurate characterization of aerosoR4-h per day presence and vigilance of an operator. An alter-
composition difficult. However, a detailed quantitative Nate method appropriate to field measurements is the use of
a regularly injected complex mixture — a “tracking standard”
— to monitor long-term trends in detector response, coupled

Correspondence td5. Isaacman with regular multi-point calibrations (Kreisberg et al., 2009).
BY (gabriel.isaacman@berkeley.edu) Though shown to be effective, this field method assumes
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monotonic changes in detector response and does not correct3. Quantity of liquid should be variable to facilitate multi-
for variations related to changes in transfer efficiency and de-  point calibrations.

tector response. Therefore, combining these two methods S ) ) o
by injecting both internal standards on every run as well as 4- Manualinjection should be possible, allowing for injec-
regular tracking standards would greatly improve the accu-  tion of standards not contained within the system.
racy of in-situ quantitative speciation. This dual calibration

approagh is the o_bjecti_ve o_f the automatic injeption system, Autolnject description

(Autolnject) described in this work. The Autolnject was de-

veloped and tested specifically for tlfrdne.rmal desorptior} A schematic of the Automatic Injection System (Autolnject),
AerosolGas chromatograph (TAG) field instrument, an in- \ynich occupies a total space of 40 6n85cmx 15cm, is
situ quantitative gas chromatograph used to study aeros@hown in Fig. 1a. Pressurized reservoirs, selected using a
composition (see Williams et al., 2006 for details). multiport selector, deliver liquid to fill a sample loop of
Common laboratory-based liquid introduction systemsynown volume, which is injected via a 6-port valve into a
typically do not meet requirements for field use. _ The ¢ustom cell. Up to four reservoirs of liquid are kept in a
most common mechanisms in laboratory data collection argystom refrigerator consisting of an insulated, machined alu-
XYZ” automatic systems, in which a robotic arm with 2 sy~ minum block cooled using an on-off controlled Peltier device
ringe withdraws an aliquot from a vial containing a known (cystom Thermoelectric) capable of sustaining sub-freezing
liquid, moves to the instrument inlet, and injects the syringetemperatures. The reservoirs are pressurized to 30 psig with
(e.g. those sold by Agilent Technologies for GC or WaterSpejiym distributed through a 6-way manifold. Reservoirs
Technologies for LC). This approach is infeasible in the Cas€shown in Fig. 1b) consist of a standard 10 mrii5 mm
of custom field instruments, however, as (@) it usually re-pyyey test tube capped with a 10mm compression fitting
quires v_ert|cal_ injection which is not possible on some '”Stru'(Swagelok Company) using teflon ferrules. The cap has two
ments (including TAG), (b) frequent septum piercing causedgrijled holes, through which 1/16 in outer diameter (0.d.)
by syringe injection leads to coring and sample contami-gtainjess steel tubing is inserted and silver brazed, with one
nation, and (c) it is typically bulky, involves many moving pe reaching to the bottom of the reservoir for liquid de-
parts, and usually does not provide temperature stabilizationyery and one tube at the top for pressurization. The liquid
Several field-applicable standard introduction systemsgelivery tube of each reservoir is connected to a 6-port selec-
have been developed for hlgh.pres.sure liquid chroma?og.]rafor valve (Upchurch Scientific V-1241) by 50 cm of 125 pum
phy (HPLC) and gas-phase calibration. Automated liquid in- giameter (i.d.), 1/16 in 0.d. tubing made of polyether ether
trqductlon systems haye begn recently d'eveloped for LC (Valketone (PEEK), a non-reactive, opaque polymer, which pre-
Midwoud et al., 2011) in which flow rate is controlled by sy- yents exposure to light. The small i.d. of this tubing mini-
ringe pumps. These systems have the capability to switch béyjzes the volume of liquid that is temporarily stored outside
tween liquids by controlling pump rates and valve states, bulyt the cooled block and is therefore not cooled. The 6-port
the volumes of solvent used (in some cases many milliliterssg|ector is connected by 20 cm of 60 umi.d. PEEK tubing to
per injectipn) generates more waste than is preferred for field, 6-port valve (Rheodyne MXP7900) configured for sample
use. Jardine et al. (2010) recently developed an elegant Sygyop injection. Al liquid downstream of the selector must
tem that uses a stepper motor to introduce liquid into & heye injected or discarded during each injection cycle, so small

lium stream at much lower flow rates to be evaporated anq g tuping is necessary to minimize waste. All tubing was
delivered to a TD-GC or other in-situ instrument. However, purchased from Upchurch Scientific.

due to the low vapor pressure of many compounds relevant
to atmospheric aerosols, such a scheme is impractical for thg.1  Operation procedure
study of particle-phase compounds.

In this work we develop a new method for the introduction With the 6-port valve in the load position (pictured in
of fixed volumes of liquid into a custom cell that is versatile Fig. 1), the liquid loads a sample loop of known volume
and quantitative. Field deployment is emphasized by gener{see Sect. 2.2), with excess going to a waste container; in
ating minimal waste (less than 30 pl per injection) and rely-this case, waste is injected onto glass wool at the bottom of
ing on pressure gradients to create flow, thereby minimizinga vial containing activated charcoal, facilitating evaporation
moving parts. Several hundred injections were tested to adef solvent that is then scrubbed to prevent emissions. In the
dress the ability of the automatic injection system to meet theinject position, the sample loop is flushed with helium into
following goals: the custom cell viaa 15 cw 1/32 in 0.d.x 250 umi.d. stain-
less steel capillary. Injection helium is restricted by 1 m of
60 um tubing, maintaining helium flow below 2 ccm. Addi-
2. Injection-to-injection carryover must be minimal and tionally, a check valve on this line prevents back flow from

the presence of the system must have a negligible effecthe cell even in the presence of a pressure gradient. Follow-

on blanks. ing injection, excess liquid remaining in the lines is purged

1. Injection of a known volume must be reproducible.
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Fig. 1. Overview of the automatic injection system (Autolnject) showimghe schematic diagram of the system in “load” §opa close-up
of a standard reservoir. The custom cell used in these studies is the collection and thermal desorption (CTD) cell of the TAG instrument
(Williams et al., 2006).

with helium through the selector port connected directly to2.2 Sample loop

helium. When idle, the helium port is selected with the

shut-off valve (V1) closed, so neither liquid nor helium is The sample loop used in these tests was a 15dii6 in

wasted and the restriction of the injection helium minimizes 0.d.x 180 pmi.d. stainless steel sample loop (Rheodyne).

helium waste. All valves (6-port selector, 6-port valve, and The internal volume injected, consisting of the loop itself

helium valve) are actuated automatically through computePlus dead-volume within the valve and fittings, was found to

controlled contact closures using a custom written Labviewbe 4.0+ 0.1 ul for the conditions and valve described above

program (National Instruments Corporation). by comparing FID response of one loop of standard to a
The custom cell into which liquid was introduced for this multi-point calibration using the same standard done by man-

study is the collection and thermal desorption (CTD) cell on ual injection. Any 1/16 in 0.d. tubing can be used as a sample

the Thermal desorptioerosolGas chromatograph (TAG) loop, making the Autolnject highly flexible for custom appli-

described in Kreisberg et al. (2009). This CTD cell has acations.

built-in helium purged injection port with a septum seal for

needle insertion for manual injections. The injection cap-

illary of the Autolnject was inserted into this port with a

compression fitting (Swagelok Company), eliminating the o

need for the septum. The injected liquid standard was ther?"1 Stability tests

mally desorbed at 300 and analyzed using a gas chromato- The two primary necessities for a useful automatic injection

graph (GC) coupled for most tests to a flame ionization de-gystem are the capability for long-term, highly reproducible
tector (FID; Agilent Technologies) and for carryover tests t0 jnjections, and the capability to switch standards with mini-
a time-of-flight mass spectrometer (Kronus ToF-MS; Scien-mal cross contamination.

tific Analysis Instruments). The reproducibility of liquid injections using the Autoln-

A typical injection cycle lasts approximately 45 seconds jact was studied through the injection of a standard con-
per reservoir used: approximately 20s to load _and inject &aining 2 ng u? n-alkanes from g to Cao and polycyclic
single loop volume and 15 s to helium purge the line between, omatic hydrocarbons (PAHs) spanning a similar volatility
the valve and selector, with some time for transitions in be-range in chloroform. All tests focus on the volatility range of
tween. For all experiments in this study, injection of a stan-c15 to Czs as this is where nearly all compounds are observed
dard was followed by injection of solvent to clean the lines. by TAG. In Fig. 2, the FID response to compounds in each
Minimizing loop load time minimizes waste and load tim- n relative to the average response across 106 injections of
ing is strongly dependent on helium pressure and tubing i.d.each compound, demonstrates the high reproducibility of the
so the ;hortest load time possible to fully load the loop Wasaytolnject. The dashed line marks the standard deviation,
determined. of 1.5%. The root mean square (RMS) error for all peaks is

below 2.5 % and averages 1.4 %. Some compounds that par-
tially co-elute in the chromatographic separation have been

3 Results
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Fig. 2. Stability of the Autolnject over 106 runs. FID detector re- sejection of deuterated alkanes (n-hexadecagerdeicosane-gb,
sponse of a given compound is shown relative to the average ren.tetracosanesg, n-octacosanesg, n-dotriacontaneg), deuter-
sponse of that compound over all runs shown. Symbols differen-ated polycyclic aromatic hydrocarbons (dPAHs; phenanthrgge-d
tiate PAHSs, alkanes, and co-eluting peaks that contain both PAH$|yoranthene-g), straight chain acids (hexadecanoic acid, octade-
and alkanes while the dashed line represents the standard deviatigfynoic acid, eicosanoic acid), PAHs (phenanthrene, fluoranthene),
of relative response for all standard compounds measured (1.5 %).and other atmospheric relevant compounds-(holestane-g| 5o-

cholestane, 2-pentadecanone, retene, benzophenone, and dihydro-
5-octyl-2(3H)-furanone).
binned in order to minimize measuring errors not intrinsic
to the Autolnject, especially difficulties in drawing baselines
for, and therefore accurately quantifying, co-eluting peaks.of a solvent rinse results in significant carryover (sometimes
However, deviations from unity are, in most cases, not wellgreater than 20 %), this is greatly reduced by a single sol-
correlated between different compound®® €0.27+0.16),  vent rinse (Fig. 3). No statistically significant decrease in
suggesting that a large fraction of error is not from Autoln- carryover was observed when employing more than a single
ject instability (i.e. injecting more or less liquid) but rather rinse, suggesting that carryover after a single solvent rinse
from other sources, such as inaccuracies in chromatograris negligible and any remaining carryover is external to the
integration due to chromatographic baseline variations. Autolnject.

In continuous operation, a reservoir, which has a volume Given low carryover, injection of standards from two dif-
of approximately 3 ml, contains enough liquid for more than ferent reservoirs in the same injection cycle is possible. In-
150 injections under the conditions and timing used in thesgection of PAHs and alkanes in the same injection cycle from
tests. In the case of the TAG instrument, this allows the in-two different reservoirs was shown to yield the same FID re-
strument to be run for at least one week, with hourly internalsponse within reproducibility error as injection of each sepa-
standard injections, without the need to refill a reservoir orrately.
expose the operator to chemicals. This length of time is of
course dependent on the volume of the sample loop, the vol3.3  Multi-point calibration tests
ume of the transfer lines, the volume of the reservoirs, and

the duration of the load timing. Useful capabilities beyond the necessary requirements of the
Autolnject were also tested, including injection of multiple
3.2 Carryover tests loops of a standard, and manually loading the sample loop.

Multi-point calibrations were performed by injection of
The liquid carryover from one injection to the next was quan-one to three loops of 2 ngt n-alkanes in chloroform fol-
tified by alternating between injection of a standard contain-lowed by one loop of solvent (Fig. 4). The order of multi-
ing a complex 110-component mixture representing classeop injections within a “calibration cycle” was varied (1-2-
known to be atmospherically relevant (n-alkanes, PAHSs, aro3, 3-1-2, 2-3-1, etc.) with an injection of a single loop of
matic acids, straight chain acids, ketones, esters, etc.) anstandard in between each calibration cycle (the calibration
injection of an equal volume of a similar complex mixture cycles are shown connected by lines in Fig. 4). In each of the
containing 21 deuterated compounds. The number of soltwo series of calibration cycles (red squares and blue circles
vent rinses following each injection was varied to deter-in Fig. 4), detector response is shown relative to the aver-
mine the volume of solvent injection necessary to elimi- age response of single loop injections that were interspersed
nate carryover. To accurately quantify carryover, a ToF-MSbetween the calibration cycles. Solvent blanks show the car-
was used, allowing for specific ion extraction and, conse-ryover to be less than 1% in these series. These calibrations
quently, an improved level of detection. While the absencelie on to the 1:1 line, as expected, with an overall slope of
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Furthermore, through injection of multiple loops, the Au-
tolnject was shown to generate linear multi-point calibra-
tions. The range of these calibrations can be extended be-
yond the range of standards in the reservoirs through the use
of an injection port to manually load the sample loop.
Through these capabilities, the Autolnject is able to ful-
fill a variety of liquid injection needs. For instance, inter-
nal standards can be injected onto every sample, while a
o Rume 450470 tracking standard can be used for regular calibration and/or
e multi-point calibrations. Multi-reservoir switching capabil-
ities greatly extend the utility of the system, allowing for
) s T 25 2 use of multiple standards in each run, such as co-injection
of internal and calibration standards to be used for cross
Fig. 4. Demonstration of injection of multiple loops of straight Calibration or regular injection of two standards that cannot
chain alkanes (g to Cgs) used as a multi-point calibration. Con- be stored together. Regular introduction of standards will
nected points are “calibration cycles” performed at two different greatly improve the quantitation of instruments such as the
times in the testing (blue and red, see Sect. 3.2 for further discusTAG and other instrumentation measuring a similar range of
sion). Average FID detector response is shown relative to the averchemicals. Furthermore, waste generation is kept low in this
age response fqr singl_e loops ir_1jecti_ons interspersed be_tween the%‘ﬁlstem, minimizing ecological impact and personal hazard
(?allbratlons. A linear fit (black line) is on top of the 1:1 line (gray of calibration in the field.
line). The components of the Autolnject make it a highly versa-
tile device that can be adapted to any instrument that relies on

1.014+0.01 and an intercept 6£0.01+ 0.02, demonstrating regplslr I|th|d |njhect|ons| folr any plfrpo_se. Ilnjectllondvqlume IS
the capability of using the Autolnject for generating multi- \éana 3 t troug sample loop se ect|c()jn, 0op loa t||mes are
point calibration curves. ependent on reservoir pressure, and reservoir volumes can

be increased by using larger test tubes. The flexibility of the
3.4 Manual loading tests injection capillary allows for injection into any custom sam-
ple cell. In addition, the Autolnject is ideal for field use as

A manual injection port (Rheodyne) connected to one portit is compact, versatile, and relies on a minimum of moving
of the 6-port selector (shown in Fig. 1) was used to manuallyParts for increased reliability.

fill the sample loop. This “pseudo-manual” injection method 1N future studies using the TAG instrument, the Autolnject
allows for injection of small amounts of any liquid without will be used for repeated injections of an internal standard,
needing to fill a reservoir and showed similar reproducibility @S Well as regular multi-point calibrations and tracking stan-
(o =2.3%) to automated injections. This capability extendsdards. This system could also be used for regular injection of
the use of multi-point calibration methods by allowing for @ derivatizing agent, greatly expanding the capabilities of in-
the occasional injection of significantly more concentratedSitu gas chromatography. The combined capabilities of this
or dilute standards than are necessary for automated runnir@tomated calibration system offers the potential to signifi-
conditions (i.e. weekly pseudo-manual injections of a verycantly improve the accuracy and extend the utility of TAG
dilute standard) without the need for an additional reservoir. @nd other particle-phase in-situ instrumentation.

3.0+

25+ — Linear fit=1.01x-0.01

Response Relative to Average
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