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Abstract

The quantitation of trace organic compounds in ambient organic aerosol is difficult due
to the chemical complexity of these mixtures, but is needed to provide insight into
their sources and formation processes. Compound-level characterization of organic
aerosols is typically performed through sample collection followed by gas or liquid chro-5

matography. With these methods, introduction of liquid standards has long been used
as an effective means of quantifying trace compounds, but automating this technique
for use with in-situ instrumentation has not previously been achieved. Here we de-
velop an automatic injection system (AutoInject) for the introduction of liquids into a
custom collection and analysis cell for improved quantitation in chromatographic mea-10

surements. The system consists of chilled reservoirs containing liquid standards from
which a sample loop is loaded and then injected into the cell. The AutoInject is shown
to have reproducibility over 106 injections with a relative standard deviation of 1.5 %,
and have negligible injection-to-injection carryover. A 6-port selector allows injection of
different liquid standards separately or simultaneously. Additionally, automatic injection15

of multiple sample loops is shown to generate a linear multi-point calibration curve.
Tests conducted in this work focus on use with the Thermal desorption Aerosol Gas
chromatograph (TAG), but the flexibility of the system allows it to be used for a variety
of applications.

1 Introduction20

Ambient atmospheric aerosol is known to contain thousands of organic compounds
in trace amounts (Goldstein and Galbally, 2007), making accurate characterization of
aerosol composition difficult. However, a detailed quantitative understanding of this
composition has significant benefits; speciation of organic aerosol improves source at-
tribution by quantifying specific tracers known to originate from a given source. These25

tracers include directly emitted compounds, such as levoglucosan from woodburning
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and hopanes from diesel exhaust, as well as secondary compounds formed through
the oxidation of volatile organic compounds (VOCs), such as phthalic acid and fura-
nones (Rogge, 1993; Schauer et al., 1996; Fraser and Lakshmanan, 2000; Mazurek,
2002; Simoneit, 2005; Williams et al., 2010). Detailed analysis of aerosol composition
has also contributed to a better understanding of formation mechanisms and atmo-5

spheric oxidation processes (Gao et al., 2004; Jaoui et al., 2008; Surratt et al., 2008;
Winterhalter et al., 2009). Consequently, a number of methods have been developed
to speciate aerosol and quantify useful tracers. Most of this work has relied on filter col-
lection and subsequent chromatographic separation, either using thermal desorption
gas chromatography (TD-GC) or solvent extraction followed by liquid chromatography10

(LC) or GC.
Accurate quantitation using chromatographic methods relies on measuring detector

response relative to directly introduced authentic standards using a multi-point calibra-
tion often with a correction for variation in sample recovery or detector drift. The most
common technique for correcting for variation in sample recovery is to spike each filter15

with a known quantity of some liquid internal standard (Mazurek et al., 1989; Schauer
et al., 1996; Offenberg et al., 2011). However, though this method has been used with
great success to quantify compounds on filters, it poses a significant drawback when
applied to in-situ data collection; specifically, the 24-hour per day presence and vigi-
lance of an operator. An alternate method appropriate to field measurements is the use20

of a regularly injected complex mixture – a “tracking standard” - to monitor long-term
trends in detector response, coupled with regular multi-point calibrations (Kreisberg
et al., 2009). Though shown to be effective, this field method assumes monotonic
changes in detector response and does not correct for run-to-run variability related
to changes in transfer efficiency and detector response. Therefore, combining these25

two methods by injecting both internal standards on every run and tracking standards
regularly would greatly improve the accuracy of in-situ quantitative speciation. This
dual calibration approach is the objective of the automatic injection system (AutoIn-
ject) described in this work. The AutoInject was developed and tested specifically for
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the Thermal desorption Aerosol Gas chromatograph (TAG) field instrument, an in-situ
quantitative gas chromatograph used to study aerosol composition (see Williams et al.,
2006 for details).

Common laboratory-based liquid introduction systems typically do not meet require-
ments for field use. The most common mechanisms in laboratory data collection are5

“XYZ” automatic systems, in which a robotic arm and syringe withdraws liquid from a
vial containing the known liquid, moves to the instrument inlet, and injects the syringe
(e.g. those sold by Agilent Technologies for GC or Waters Technologies for LC). This
approach is infeasible in the case of custom field instruments instrument, however, as
(a) it usually requires vertical injection which is not possible on some instruments (in-10

cluding TAG), (b) frequent septum piercing caused by syringe injection leads to coring
and sample contamination, and (c) it is typically bulky, involves many moving parts, and
usually does not provide temperature stabilization.

Several field-applicable standard introduction systems have been developed for high
pressure liquid chromatography (HPLC) and gas-phase calibration. Automated liquid15

introduction systems have been recently developed for LC (van Midwoud et al., 2011)
in which flow rate is controlled by syringe pumps. These systems have the capability to
switch between liquids by controlling pump rates and valve states, but the volumes of
solvent used (in some cases many milliliters per injection) generates more waste than
is preferred for field use. Jardine et al. (2010) recently developed an elegant system20

that uses a stepper motor to introduce liquid into a helium stream at much lower flow
rates to be evaporated and delivered to a TD-GC or other in-situ instrument. However,
due to the low vapor pressure of many compounds relevant to atmospheric aerosols,
such a scheme is impractical for the study of particle-phase compounds.

In this work we develop a new method for the introduction of fixed volumes of liquid25

into a custom cell that is versatile and quantitative. Field deployment is emphasized
by generating minimal waste (<30 µl per injection) and relying on pressure gradients to
create flow, thereby minimizing moving parts. Several hundred injections were tested
to address the ability of the automatic injection system to meet the following goals:
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1. Injection of a known volume must be reproducible.

2. Injection-to-injection carryover must be minimal and the presence of the system
must have a negligible effect on blanks.

3. Quantity of liquid should be variable to facilitate multi-point calibrations.

4. Manual injection should be possible, allowing for injection of standards not con-5

tained within the system.

2 AutoInject description

A schematic of the Automatic Injection System (AutoInject), which occupies a total
space of 40 cm×35 cm×15 cm, is shown in Fig. 1a. Pressurized reservoirs, selected
using a multiport selector, deliver liquid to fill a sample loop of known volume, which is10

injected via a 6-port valve into a custom cell. Up to four reservoirs of liquid are kept
in a custom refrigerator consisting of an insulated, machined aluminum block cooled
using an on-off controlled Peltier device (Custom Thermoelectric) capable of sustaining
sub-freezing temperatures. The reservoirs are pressurized to 30 psig with helium dis-
tributed through a 6-way manifold. Reservoirs (shown in Fig. 1b) consist of a standard15

10 mm×75 mm Pyrex test tube capped with a 10 mm compression fitting (Swagelok
Company) using teflon ferrules. The cap has two drilled holes, through which 1/16
in outer diameter (o.d.) stainless steel tubing is inserted and silver brazed, with one
tube reaching to the bottom of the reservoir for liquid delivery and one tube at the top
for pressurization. The liquid delivery tube of each reservoir is connected to a 6-port20

selector valve (Upchurch Scientific V-1241) by 50 cm of 125 µm diameter (i.d.), 1/16 in
o.d. tubing made of polyether ether ketone (PEEK), a non-reactive, opaque polymer,
which prevents exposure to light. The small i.d. of this tubing minimizes the volume of
liquid that is temporarily stored outside of the cooled block and is therefore not cooled.
The 6-port selector is connected by 20 cm of 60 µm i.d. PEEK tubing to a 6-port valve25
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(Rheodyne MXP7900) configured for sample loop injection. All liquid downstream of
the selector must be injected or discarded during each injection cycle, so small i.d.
tubing is necessary to minimize waste. All tubing was purchased from Upchurch Sci-
entific.

2.1 Operation procedure5

With the 6-port valve in the load position (pictured in Fig. 1), the liquid loads a sam-
ple loop of known volume (see Sect. 2.2), with excess going to a waste container; in
this case, waste is injected onto glass wool at the bottom of a vial containing activated
charcoal, facilitating evaporation of solvent that is then scrubbed to prevent emissions.
In the inject position, the sample loop is flushed with helium into the custom cell via a10

15 cm×1/32 in o.d. ×250 µm i.d. stainless steel capillary. Injection helium is restricted
by 1 m of 60 µm tubing, maintaining helium flow below 2 ccm. Additionally, a check
valve on this line prevents back flow from the cell even in the presence of a pressure
gradient. Following injection, excess liquid remaining in the lines is purged with he-
lium through the selector port connected directly to helium. When idle, the helium port15

is selected with the shut-off valve (V1) closed, so neither liquid nor helium is wasted
and the restriction of the injection helium minimizes helium waste. All valves (6-port
selector, 6-port valve, and helium valve) are actuated automatically through computer
controlled contact closures using a custom written Labview program (National Instru-
ments Corporation).20

The custom cell into which liquid was introduced for this study is the collection and
thermal desorption (CTD) cell on the Thermal desorption Aerosol Gas chromatograph
(TAG) described in Kreisberg et al. (2009). This CTD cell has a built-in helium purged
injection port with a septum seal for needle insertion for manual injections. The in-
jection capillary of the AutoInject was inserted into this port with a compression fitting25

(Swagelok Company), eliminating the need for the septum. The injected liquid stan-
dard was thermally desorbed at 300 ◦C and analyzed using a gas chromatograph (GC)
coupled for most tests to a flame ionization detector (FID; Agilent Technologies) and
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for carryover tests to a time-of-flight mass spectrometer (ToF-MS; Scientific Analysis
Instruments).

A typical injection cycle lasts approximately 45 s per reservoir used: approximately
20 s to load and inject a single loop volume and 15 s to helium purge the line between
the valve and selector, with some time for transitions in between. For all experiments5

in this study, injection of a standard was followed by injection of solvent to clean the
lines. Minimizing loop load time minimizes waste and load timing is highly dependent
on helium pressure and tubing i.d., so the shortest load time possible to fully load the
loop was determined.

2.2 Sample loop10

The sample loop used in these tests was a 15 cm×1/16 in o.d. ×180 µm i.d. stainless
steel sample loop (Rheodyne). The internal volume injected, consisting of the loop
itself plus dead-volume within the valve and fittings, was calibrated for the conditions
and valve described above by comparing FID response of one loop of standard to a
multi-point calibration using the same standard done by manual injection directly into15

the custom cell and was found to be 4.0±0.1 µl. Any 1/16 in o.d. tubing can be used
as a sample loop, making the AutoInject highly flexible for custom applications.

3 Results

3.1 Stability tests

The two primary necessities for a useful automatic injection system are the capability20

for long-term, highly reproducible injections, and the capability to switch standards with
minimal cross contamination.

The reproducibility of liquid injections using the AutoInject was studied through the
injection of a standard containing 2 ng µl−1 n-alkanes from C8 to C40 and polycyclic
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aromatic hydrocarbons (PAHs) spanning a similar volatility range in chloroform. All
tests focus on the volatility range of C15 to C35 as this is where nearly all compounds
are observed by TAG. In Fig. 2, the FID response to compounds in each run, rela-
tive to the average response across 106 injections of each compound, demonstrates
the high reproducibility of the AutoInject. The dashed line marks the standard devi-5

ation, σ, of 1.5 %. The root mean square (RMS) error for all peaks is below 2.5 %
and averages 1.4 %. Some compounds that partially co-elute in the chromatographic
separation have been binned in order to minimize measuring errors not intrinsic to
the AutoInject, especially difficulties in drawing baselines for, and therefore accurately
quantifying, co-eluting peaks. However, deviations from unity are, in most cases, not10

well correlated between different compounds (R2 =0.27±0.16), suggesting that a large
fraction of error is not from AutoInject instability (i.e. injecting more or less liquid) but
rather from other sources, such as inaccuracies in chromatogram integration due to
chromatographic baseline variations.

In continuous operation a reservoir, with a volume of approximately 3 mL, contains15

enough liquid for more than 150 injections under the conditions and timing used in
these tests. In the case of the TAG instrument, this allows the instrument to be run
for at least one week, with hourly internal standard injections, without the need to
refill a reservoir or expose the operator to chemicals. This length of time is of course
dependent on the volume of the sample loop, the volume of the transfer lines, and the20

duration of the load timing.

3.2 Carryover tests

The liquid carryover from one injection to the next was quantified by alternating be-
tween injection of a standard containing a complex 110-component mixture represent-
ing classes known to be atmospherically relevant (n-alkanes, PAHs, aromatic acids,25

straight chain acids, ketones, esters, etc.) and injection of an equal volume of a sim-
ilar complex mixture containing 21 deuterated compounds. The number of solvent
rinses following each injection was varied to determine the volume of solvent injection
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necessary to eliminate carryover. To accurately quantify carryover, a ToF-MS was
used, allowing for specific ion extraction and, consequently, an improved level of detec-
tion. While the absence of a solvent rinse results in significant carryover (sometimes
greater than 20 %), this is greatly reduced by a single solvent rinse (Fig. 3). No sta-
tistically significant decrease in carryover was observed when employing more than a5

single rinse, suggesting that carryover after a single solvent rinse is negligible and any
remaining carryover is external to the AutoInject.

Given low carryover, injection of standards from two different reservoirs in the same
injection cycle is possible. Injection of PAHs and alkanes in the same injection cycle
from two different reservoirs was shown to yield the same FID response within repro-10

ducibility error as injection of each separately.

3.3 Multi-point calibration tests

Useful capabilities beyond the necessary requirements of the AutoInject were also
tested, including injection of multiple loops of a standard, and manually loading the
sample loop.15

Multi-point calibrations were performed by injection of one to three loops of 2 ng µl−1

n-alkanes in chloroform followed by one loop of solvent (Fig. 4). The order of multi-
loop injections within a “calibration cycle” was varied (1-2-3, 3-1-2, 2-3-1, etc.) with an
injection of a single loop of standard in between each calibration cycle (the calibration
cycles are shown connected by lines in Fig. 4). In each of the two series of calibration20

cycles (red squares and blue circles in Fig. 4), detector response is shown relative
to the average response to single loop injections that were interspersed between the
calibration cycles. Solvent blanks show the carryover to be less than 1 % in these
series. These calibrations closely lie on to the 1:1 line, as expected, with an overall
slope of 1.01±0.01 and an intercept of −0.01±0.02, demonstrating the capability of25

using the AutoInject for generating multipoint calibration curves.
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3.4 Manual loading tests

A manual injection port (Rheodyne) connected to one port of the 6-port selector (shown
in Fig. 1) was used to manually fill the sample loop. This “pseudo-manual” injection
method allows for injection of small amounts of any liquid without needing to fill a
reservoir and showed similar reproducibility (σ =2.3 %) to automated injections. This5

capability extends the use of multi-point calibration methods by allowing for the occa-
sional injection of significantly more concentrated or dilute standards than are neces-
sary for automated running conditions (i.e. weekly pseudo-manual injections of a very
dilute standard) without the need for an additional reservoir.

4 Conclusions10

In this work, a new device and method for the reproducible injection of liquid standards,
dubbed the “AutoInject”, was developed. Multiple chilled reservoirs were connected to
a 4.0±0.1 µl sample loop via a 6-port selector (used to select a reservoir) and a 6-
port-valve (used to load and inject the sample loop). Liquid injection with the AutoInject
was shown to be highly reproducible, with a relative standard deviation of 1.5 % and15

negligible carryover after one solvent rinse. Use of the 6-port selector allows for up to
three different liquid standards plus a solvent rinse reservoir to be available for injection,
either alternated or simultaneously. Each reservoir contains enough liquid for more
than 150 injections. Furthermore, through injection of multiple loops, the AutoInject
was shown to generate linear multi-point calibrations. The range of these calibrations20

can be extended beyond the range of standards in the reservoirs through the use of an
injection port to manually load the sample loop.

Through these capabilities, the AutoInject is able to fulfill a variety of liquid injection
needs. For instance, internal standards can be injected onto every sample, while a
tracking standard can be used for regular calibration and/or multi-point calibrations.25

Multi-reservoir switching capabilities greatly extend the utility of the system, allowing for
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use of multiple standards in each run, such as co-injection of internal and calibration
standards to be used for cross calibration or regular injection of two standards that
cannot be stored together. Regular introduction of standards will greatly improve the
quantitation of instruments such as the TAG and other instrumentation measuring a
similar range of chemicals. Furthermore, waste generation is kept low in this system,5

minimizing ecological impact and personal hazard of calibration in the field.
The components of the AutoInject make it a highly versatile device that can be

adapted to any instrument that relies on regular liquid injections for any purpose. Injec-
tion volume is variable through sample loop selection, loop load times are dependent
on reservoir pressure, and reservoir volumes can be increased by using larger test10

tubes. The flexibility of the injection capillary allows for injection into any custom sam-
ple cell. In addition, the AutoInject is ideal for field use as it is compact, versatile, and
relies on a minimum of moving parts for increased reliability.

In future studies using the TAG instrument, the AutoInject will be used for repeated
injections of an internal standard, as well as regular multi-point calibrations and tracking15

standards. This system could also be used for regular injection of a derivatizing agent,
greatly expanding the capabilities of in-situ gas chromatography. The combined capa-
bilities of this automated calibration system offers the potential to significantly improve
the accuracy and extend the utility of TAG and other particle-phase in-situ instrumen-
tation.20
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Fig. 1. Overview of the automatic injection system (AutoInject) showing (a) the schematic
diagram of the system in “load” and (b) 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).
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Fig. 2. Stability of the AutoInject over 106 runs. FID detector response of a given compound
is shown relative to the average response of that compound over all runs shown. Symbols
differentiate PAHs, alkanes, and co-eluting peaks that contain both PAHs and alkanes while the
dashed line represents the standard deviation of relative response for all standard compounds
measured (1.5 %).
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Fig. 3. Injection-to-injection carryover tests for 18 representative compounds (dashed red lines)
and overall average (solid black line with standard deviation in gray area). Compounds shown
are a selection of deuterated alkanes (n-hexadecane-d34, n-eicosane-d42, n-tetracosane-d50,
n-octacosane-d58, n-dotriacontane-d66), deuterated polycyclic aromatic hydrocarbons (dPAHs;
phenanthrene-d10, fluoranthene-d10), straight chain acids (hexadecanoic acid, octadecanoic
acid, eicosanoic acid), PAHs (phenanthrene, fluoranthene), and other atmospheric relevant
compounds (5α-cholestane-d6, 5α-cholestane, 2-pentadecanone, retene, benzophenone, and
dihydro-5-octyl-2(3H)-furanone).

3248

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/3233/2011/amtd-4-3233-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/3233/2011/amtd-4-3233-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 3233–3249, 2011

A versatile and
reproducible

automatic injection
system

G. Isaacman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 4. Demonstration of injection of multiple loops of straight chain alkanes (C15 to C35) used
as a multi-point calibration. Connected points are “calibration cycles” performed at two different
times in the testing (blue and red, see Sect. 3.2 for further discussion). Average FID detector
response is shown relative to the average response for single loops injections interspersed
between these calibrations. A linear fit (black line) is on top of the 1:1 line (gray line).
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