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a  b  s  t  r  a  c  t

The  use  of  thermal  desorption  systems  for  the  analysis  of  trace  vapors  typically  requires  establishing  a  cal-
ibration  curve  from  vapors  generated  with  a permeation  tube.  The  slow  equilibration  time  of  permeation
tubes  causes  such  an approach  to become  laborious  when  covering  a  wide  dynamic  range.  Furthermore,
many  analytes  of  interest,  such  as  explosives,  are  not  available  as  permeation  tubes.  A  method  for  easily
and effectively  establishing  calibration  curves  for explosive  vapor  samples  via  direct  deposition  of  stan-
dard solutions  on  thermal  desorption  tubes  was  investigated.  The  various  components  of  the thermal
desorption  system  were  compared  to  a  standard  split/splitless  inlet.  Calibration  curves  using the direct
eywords:
xplosives
C-ECD
uantitation
,4,6-Trinitrotoluene (TNT)
hermal desorption

liquid  deposition  method  with  a thermal  desorption  unit  coupled  to  a cryo-focusing  inlet  were  compared
to  a standard  split/splitless  inlet,  and  a statistical  difference  was  observed  but  does  not  eliminate  or  deter
the use  of  the  direct  liquid  deposition  method  for  obtaining  quantitative  results  for  explosive  vapors.

Published by Elsevier B.V.
ryo-focusing

. Introduction

A wide range of technologies have been established and
esearched for vapor detection of 2,4,6-trinitrotoluene (TNT)
nd other explosives, namely ion mobility spectroscopy, sur-
ace acoustic wave devices, spectroscopy-based instruments, and
anostructure-based sensors [1–8]. However, Gas Chromatography
GC) with an Electron Capture Detector (ECD) or Mass Spec-
rometer (MS) remains the primary method for trace explosive
nalysis [9–20]. Previous work with thermal desorption cou-
led to GC-ECD/MS has been limited, and focused mainly on
ampling methodology and collection efficiencies [9,10,12,17–19].
roof-of-principle work has previously demonstrated the utility
f thermal desorption with a cooled injection system (CIS) cou-
led to a GC-ECD/MS for detection of trace explosives [15–17].
anogram to picogram detection limits have been demonstrated
ith these prototype thermal desorption systems (TDSs) coupled

o a GC-ECD/MS [11,16]. Today, commercialized TDS–CIS–GC-

CD/MS is available, making it more readily accessible for routine
race explosive detection. Manufacturers of TDS–CIS instrumen-
ation provide recommendations and methods for atmospheric

∗ Corresponding author. Tel.: +1 202 404 3365.
E-mail address: christopher.field@nrl.navy.mil (C.R. Field).

021-9673/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.chroma.2011.12.087
sampling and hydrocarbon analysis, but not specifically for explo-
sive vapors.

Method development for explosive residue and particle detec-
tion has been favored in the literature over vapor detection due in
part to a lack of reliable vapor standards. Because of the low vapor
pressure and rapid decomposition of these analytes, there are cur-
rently no commercially available vapor standards for nitroaromatic
or nitramine explosives and no standardized method for generating
explosive vapors. Consequently, quantitation is performed using
calibration curves generated from liquid injections into the stan-
dard split/splitless inlet. Unfortunately, such an approach does not
account for losses associated with the CIS, TDS, or sample tube sor-
bent. These losses lead to significant error associated with vapor
concentration. Therefore, a procedure is needed for establishing
calibration curves using commercially available standard solutions
and to account for the variation and losses with each component
in the TDS–CIS–GC-ECD/MS instrumentation.

In this work, direct deposition of a standard solution onto TDS
sample tubes is investigated as a means for eventual quantita-
tion of TNT vapor. The focus is on understanding the influence
of specific instrument parameters in the detection and quantita-

tion of TNT and the validity of the direct liquid deposition method.
Specifically, the goal is to determine the losses, if any, associ-
ated with individual components of the TDS–CIS approach when
compared to a conventional split/splitless GC inlet. The use of

dx.doi.org/10.1016/j.chroma.2011.12.087
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:christopher.field@nrl.navy.mil
dx.doi.org/10.1016/j.chroma.2011.12.087
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Table 1
Solutions of TNT and 3,4-DNT used for optimizing conditions for detecting trace
amounts of TNT vapor. Solution 10 was injected at 0.1 �L with a 0.5 �L syringe in
splitless mode. Analyte concentrations were prepared so that the same amount of
mass was injected and detected for each set of conditions with the GC-ECD.

Solution TNT
(ng �L−1)

3,4-DNT
(ng �L−1)

Split Flow rate
(mL min−1)

1 5 5 0 5.59
2 5 5 1:10 61.49
3  10 10 1:20 117.39
4 15 15 1:30 173.28
5 20 20 1:40 229.18
6 25  25 1:50 285.08
7  30 30 1:60 340.98
8  35 35 1:70 396.88
9  40 40 1:80 452.77

10 45 45 1:90 508.67
11  50 50 1:100 564.57
C.R. Field et al. / J. Chrom

,4-dinitrotoluene (3,4-DNT) as an internal standard is evaluated
or TNT vapor analysis. The optimized method for a TDS–CIS–GC-
CD system established in this work could be extended to other
xplosives, such as cyclotrimethylenetrinitramine (RDX) and pen-
aerythritol tetranitrate (PETN).

. Experimental

.1. Apparatus

All samples were analyzed with an Agilent 7890A gas chro-
atograph equipped with a �ECD (Agilent Technologies, Santa

lara, CA, USA). For liquid samples, an Agilent 7693A Automatic
iquid Sampler was used. The performance of a baffled (or tor-
urous path) deactivated glass liner (part No. 5181-3316; Agilent
echnologies) and a baffled SiltekTM-coated glass liner (part No.
0800-214; Restek Corp., Bellefonte, PA, USA) were compared

n the standard split/splitless inlet, located in the front GC inlet
osition. A cryogenically cooled inlet system (part No. CIS-4;
ERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany) was

nstalled in the back inlet position of the GC. For cryo-focusing
ith the CIS, the inlet temperature was ramped from the ini-

ial temperature (either −50 ◦C, 0 ◦C, and 50 ◦C) to 250 ◦C at
2 ◦C s−1. Similar to the split/splitless front inlet, deactivated and
iltekTM-coated glass liners were evaluated (part No. 013148-000-
0 and part No. 014652-005-00, respectively; GERSTEL GmbH & Co.
G).

The CIS was operated in three separate modes: split, splitless,
nd solvent vent. In split mode, the split ratio was varied from 1:10
o 1:100. To match split-mode flow rates in solvent-vent mode, flow
ate was varied from 50 mL  min−1 to 550 mL  min−1 with solvent-
ent times from 0.0 to 4.0 min. Two C-18 split vent traps were
laced in-line with the exhaust and split vent of the CIS to protect
he pneumatics and valves from degradation due to acetonitrile. A
eptum-less head (SLH; GERSTEL GmbH & Co. KG) was  provided
or liquid injections onto the CIS in the absence of the TDS. The
as chromatograph was fitted with a 15-m RTX-5MS column with

 0.25-mm inner diameter and 250 nm film thickness (5% phenyl
olycarborane siloxane, part No. 12620; Restek Corp., Bellefonte,
A, USA). A helium carrier column flow rate of 5.5 mL  min−1 was
sed for separation, and a �ECD auxiliary flow rate of ultra high
urity nitrogen was set at 60 mL  min−1 at 275 ◦C operating tem-
erature.

After running liquid samples with the SLH, the TDS (part No.
DS-3; GERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany)
as coupled to the CIS and commercially available vapor sampling

ubes, both with sorbent (Tenax® 60/80, part No. 009947-000-00;
ERSTEL GmbH & Co. KG) and without (part No. 010650-000-00),
ere tested. Sample trapped on a vapor sampling tube was des-

rbed in the TDS and passed through a heated transfer line to the
IS where it was preconcentrated and subsequently desorbed onto
he GC column. The TDS temperature was held constant at 25 ◦C
or tube insertion before being ramped at 40 ◦C min−1 to 250 ◦C to
esorb trapped analyte. The helium flow rate through the TDS dur-

ng desorption was evaluated from 50 to 550 mL  min−1. A heated
300 ◦C) deactivated stainless steel transfer line (0.74 mm OD, part
o. 010963-005-00; GERSTEL GmbH & Co. KG) connected the TDS

o the CIS.

.2. Reagents
Analytical standards for 3,4-DNT (CAS No. 610-39-9) and
NT (CAS No. 118-96-7) were purchased from AccuStandard Inc.
New Haven, CT, USA). The internal standard used in this work
as 3,4-DNT because it has similar composition to TNT but is
not a degradation product of TNT. Table 1 lists the solutions
prepared for each experiment and related injection concen-
trations produced from serial dilution of analytical standards
in acetonitrile (CAS No. 75-05-8, Sigma–Aldrich, St. Louis, MO,
USA).

2.3. Procedure

A 1 �L aliquot was  injected from a 10 �L syringe (back inlet:
part No. 002810, front inlet: part No. 002821; SGE  Analytical Sci-
ence, Victoria, Australia) into either the front or back inlet held at a
constant 250 ◦C for GC liquid injections when operating in split or
solvent vent modes. A 0.5 �L syringe (back inlet: part No. 000410,
front inlet: part No. 000415; SGE Analytical Science) was  used to
provide a 0.1 �L injection volume for splitless mode with both the
front and back inlet. Because the SLH could not accommodate a
tapered syringe needle, different syringes were employed for the
two  inlets.

After each injection, the GC oven was  held constant at 40 ◦C for
2.0 min  then ramped at 40 ◦C min−1 to 210 ◦C where the tempera-
ture was  held for 1.0 min, followed by a second ramp at 40 ◦C min−1

to 250 ◦C where it was  held for 1.0 min. A blank acetonitrile injec-
tion was carried out before and after each 3,4-DNT/TNT sample
injection.

For the purpose of GC method development, 5 �L of internal
standard and analyte mixture was deposited onto the inside wall
of the vapor sampling tube with a micropipette, and the solvent
was  allowed to evaporate for at least 20 min. The internal standard
mixture consisted of 3,4-DNT at a concentration of 0.1 ng �L−1 and
the concentration of TNT was  varied to provide the desired quantity
of TNT in each analysis. A vapor sampling tube was then inserted
into the TDS and the TDS–CIS–GC sequence was initiated. To des-
orb analyte from a vapor sampling tube, the TDS was  ramped from
an initial temperature of 25 ◦C to 250 ◦C at 40 ◦C min−1 with a final
hold time of 2.0 min. Vapor from the tubes then flowed from the TDS
to the CIS, where, following an initial 2.0 min hold time at 0 ◦C, the
temperature was  ramped at 12 ◦C s−1 to 250 ◦C. After cryo-focusing,
vapor was passed into the GC column and separated with the same
GC method that was  used for liquid injections. Fig. 1 graphically
summarizes the methods as timing diagrams for the injection of
liquid samples using only a CIS (Fig. 1A) and injection of vapor sam-
ples using sample tubes and a TDS (Fig. 1B). Only two  peaks were
observed in the chromatograms at 4.2 and 4.6 min  corresponding

to 3,4-DNT and TNT, respectively.
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ig. 1. Timing diagrams for the TDS–CIS–GC temperature ramps and vent state fo
amples tubes. The solvent vent mode was used for both types of injections (solid, 

lack, TDS temperature). (For interpretation of the references to color in this figure

. Results and discussion

.1. 3,4-DNT internal standard and inlet liner treatment

Previous investigations of TNT using thermal desorption have
tilized 1,3-dinitronaphthalene and 3,4-DNT as an internal stan-
ard [1,12,16–18,20].  Ideally, an internal standard and analyte
ould have similar structures and physical properties, but can be

eadily separated and detected. To quantify TNT vapor by thermal
esorption an internal standard should also behave thermally sim-

lar to the analyte of interest (e.g. boiling and freezing points). Prior
o instrumentation characterization, 3,4-DNT was investigated as
n internal standard since it has a similar structure to TNT, is not

 degradation product, and can be easily separated and detected
sing standard methods (EPA Methods 529, 8091, 8095) [21–23].
ig. 2A shows the peak areas for 3,4-DNT and TNT at various inlet
ow rates (i.e. split ratios) for a standard GC inlet (250 ◦C) with

 deactivated glass liner. Generally, the internal standard concen-
ration is held constant and the analyte concentration varied to
stablish a calibration curve, but to investigate the utility of 3,4-
NT as an internal standard the injection concentrations of 3,4-DNT
nd TNT (Table 1) are equal (Fig. 2). With the exception of the

0 mL  min−1 flow rate, 3,4-DNT peak areas overlap with the TNT
eak areas within one standard deviation regardless of flow rate.
his result suggests similar vaporization behavior of 3,4-DNT to
NT with a standard GC inlet at constant inlet temperature. The

ig. 2. The peak areas for 3,4-DNT and TNT at different flow rates through a standard s
�  = DNT; = TNT). Different flow rates were achieved by changing the split ratio; liquid
nd  internal standard on column. All error bars represent one standard deviation (N = 3).
a CIS injection with no TDS using a septa-less head and (B) a TDS injection using
C oven temperature; dash-dot, green, CIS temperature; dot, red, vent state; dash,

d, the reader is referred to the web version of the article.)

relatively small differences in peak areas in Fig. 2 between 3,4-DNT
and TNT can be attributed to differences in detection with a �ECD.
It is plausible that the additional nitro group on the benzene ring
for TNT increases its electron affinity compared to 3,4-DNT and the
�ECD response is based on electron affinity. Consequently, TNT will
have a slightly higher response than 3,4-DNT with a �ECD. More
importantly, results in Fig. 2A illustrate the utility of 3,4-DNT as
an internal standard because its behavior is consistent with that of
TNT regardless of inlet flow rate (split ratio).

Conventionally, liquid samples are vaporized upon injection via
contact with a heated glass liner in a standard GC inlet. Alterna-
tively, analytes can be adsorbed, or trapped, on the surface of a
cooled glass liner and then rapidly heated and vaporized in cryo-
focusing configurations. In both configurations, surface effects must
be minimized, especially for analytes with relatively high sticking
coefficients such as nitroaromatics [24,25],  to reduce carry over,
and optimize detection limits. Coated glass liners are commercially
available to reduce the surface affinity of analytes for glass and
theoretically increase vaporization efficiency. The performance of
a SiltekTM-coated glass liner was investigated and compared to a
deactivated glass liner for both 3,4-DNT and TNT. The SiltekTM-
coated glass liner was  evaluated as a widely available liner with

silanized surface passivation treatment. Fig. 2B shows the peak
areas for 3,4-DNT and TNT using a standard GC inlet with liq-
uid samples and a SiltekTM-coated liner. Again, the concentrations
of 3,4-DNT and TNT are equal for comparison and to determine

plit/splitless GC inlet with (A) a deactivated and (B) a SiltekTM-coated glass liner
 sample concentrations were adjusted to maintain a consistent amount of analyte
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ifferences in vaporization efficiency between the internal stan-
ard and the analyte of interest. The 3,4-DNT peak areas overlap
ithin one standard deviation with the TNT peak areas and main-

ain a consistent ratio at flow rates greater than 50 mL  min−1,
imilar to the results in Fig. 2A with a deactivated glass liner. The
omparison between the deactivated and SiltekTM-coated glass lin-
rs in Fig. 2 provides further evidence of the utility of 3,4-DNT as
n internal standard since the liner treatment effects both com-
ounds equally. The peak areas for both 3,4-DNT and TNT in Fig. 2B

ncrease with increasing flow rate, yet the ratio of 3,4-DNT peak
rea to TNT peak area remains relatively constant. Both the 3,4-
NT and TNT peak areas increase with flow rate, which suggests a
ow rate dependent phenomenon for vaporization of nitroaromat-

cs with a SiltekTM-coated glass liner. However, normalizing against
he 3,4-DNT internal standard, which maintains a consistent ratio
o TNT regardless of flow rate, accounts for the observed flow rate
ependence with a SiltekTM-coated glass liner.

.2. Comparison between a CIS and standard GC inlet injections

For the quantitative measurement of TNT collected on a sam-
ling tube, a CIS is used in conjunction with a TDS for sample

njection. Therefore, an investigation on CIS liner treatment was
onducted for deactivated and SiltekTM-coated glass liners with
iquid sample injections into a CIS at various flow rates. The CIS
emperature was held constant at 250 ◦C with no cryo-focusing
r temperature ramps to closely mimic  a standard GC inlet. The
iquid samples prepared according to Table 1 were designed to
ield a 1:1 ratio of 3,4-DNT and TNT peak areas, assuming sim-
lar injection and detection behavior for both molecules. Thus, a
ormalized peak area of TNT to 3,4-DNT, assuming no losses and
imilar detector response, should be near unity. Fig. 3 shows the
ormalized peak area for TNT as a function of inlet flow rate for a
tandard split/splitless inlet and CIS with a deactivated (Fig. 3A) and

 SiltekTM-coated (Fig. 3B) glass liner. The CIS and standard GC inlet
ield surprisingly different results for TNT with a deactivated glass
iner. Both inlets show flow rate dependence with a larger deviation
rom unity below 100 mL  min−1 in Fig. 3A, but as the inlet flow rate
ncreases, the CIS appears to approach unity while the standard GC
nlet deviates. The results are different when the deactivated glass
iner is replaced with a SiltekTM-coated glass liner (Fig. 3B). At flow
ates greater than 100 mL  min−1, the normalized peak areas for a
IS injection overlap within one standard deviation of the normal-

zed peak areas for a standard GC inlet. These data demonstrate
he CIS and standard GC inlet vaporize TNT and 3,4-DNT similarly
hen a SiltekTM-coated glass liner is used. Differences in 3,4-DNT

nd TNT vaporization between the two inlets are more dramatic
ith a deactivated glass liner. Thus, a SiltekTM-coated liner should

e used to obtain quantitative information about TNT, especially
hen using a CIS for sample introduction and a standard GC inlet

or establishing calibration curves from standard solutions.
A flow rate dependence for both 3,4-DNT and TNT is observed

n Figs. 2 and 3. In Fig. 2B, the peak areas for 3,4-DNT and TNT
ncrease with flow rate, but because peak areas increase similarly
or both molecules, this trend is mitigated through normalization.
egardless of liner treatment and inlet configuration, statistical dif-

erences appear at flow rates below 50 mL  min−1. The 3,4-DNT peak
reas are statistically different from TNT at flow rates less than
0 mL  min−1 according to Fig. 2, and the differences are further
xemplified in the normalized peak areas of Fig. 3 with a large devi-
tion from unity with either a deactivated or SiltekTM-coated glass
iner. Below 200 mL  min−1 in Fig. 3B the standard deviations are

elatively larger, suggesting inconsistent vaporization. When the
ow rate is increased above 200 mL  min−1, the CIS and standard
C inlet behave almost identical with a SiltekTM-coated glass liner.
hese results indicate a minimum inlet flow rate of 200 mL  min−1
. A 1227 (2012) 10– 18 13

should be used for quantitative detection of TNT when using liquid
sample calibration curves and vapor sampled analytes. A flow rate
of 200 mL  min−1 through the CIS for injections is consistent with
previous literature [18].

3.3. Effects of initial inlet temperature and ramping for a CIS
injection

The CIS parameters were optimized with liquid injections for
eventual addition of the TDS. Analyte was cryo-focused on the
CIS inlet before the temperature was ramped to desorb, vapor-
ize, and inject analyte onto the GC column. The CIS temperature
ramp was held constant at 12 ◦C s−1, while the initial inlet tem-
perature was  investigated. Based on the results from the previous
section, a SiltekTM-coated glass liner was used for CIS optimiza-
tion while operated in split mode. Fig. 4 shows the peak areas
for 3,4-DNT and TNT at three different initial inlet temperatures:
−50 ◦C (Fig. 4A), 0 ◦C (Fig. 4B), and 50 ◦C (Fig. 4C). Each injection
was  done in triplicate and the error bars represent one standard
deviation. A trend is observed with all three initial inlet temper-
atures where a plateau is reached in peak areas for both 3,4-DNT
and TNT at flow rates greater than 200 mL min−1. The peak areas
for both 3,4-DNT and TNT decrease significantly at flow rates less
than 200 mL  min−1 for 0 ◦C and 50 ◦C initial inlet temperatures.
Response for the two  nitroaromatics deviates below 200 mL  min−1

at an initial inlet temperature of −50 ◦C (Fig. 4A). A minimum flow
rate is necessary for efficient desorption of nitroaromatics from the
SiltekTM-coated glass liner surface in a cryo-focusing configuration.
For all three initial inlet temperatures, a stable, consistent response
for 3,4-DNT and TNT is achieved at 200 mL min−1 with no significant
improvement at higher flow rates. This result is further evidence of
a flow rate dependent vaporization mechanism within the CIS for
nitroaromatics.

It is difficult to determine the optimal initial inlet temperature
for nitroaromatics from peak area alone. To help determine the
optimal initial inlet temperature, Fig. 4D shows the peak area of
TNT normalized to 3,4-DNT for all three initial inlet temperatures.
The 3,4-DNT and TNT samples were prepared to yield an equiva-
lent on-column injection load, and a normalized peak area of unity
would indicate no losses. The plateau observed at flow rates greater
than 200 mL  min−1 is also observed in the normalized peak area of
Fig. 4D. The normalized peak area for all three initial inlet tem-
peratures approach unity as the flow rate increases. Furthermore,
the CIS injections with cryo-focusing show a notable improvement
in reproducibility over a standard GC inlet based on the standard
deviations (error bars) at each flow rate, especially for the initial
inlet temperature of 0 ◦C ( ). Based on the magnitude of the error
bars in Fig. 4D, an initial inlet temperature of 0 ◦C provided the
most consistent, reproducible quantitative information for TNT. An
initial inlet temperature of −50 ◦C is also reasonable from a repro-
ducibility view, but from a practical view initial inlet temperature
of 0 ◦C reduces liquid nitrogen consumption and decreases run
times, as long as an inlet flow rate greater than 200 mL min−1 is
used.

3.4. Effect of solvent vent mode CIS injections

A splitless injection often provides improved detection limits
and is necessary for trace analysis, but split inlet flow provides
improved inlet flow stability and extends the high end of the GC
linear dynamic range by reducing the solvent load. As with con-
ventional GC inlets, the CIS offers a solvent vent mode for trapping

the desired, less volatile analytes on the cooled liner while purging
solvent from the liner at an increased flow rate for a user defined
vent time, either before or during the CIS temperature ramp. Sol-
vent vent mode is the manufacturer-recommended mode for trace
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ig. 3. The normalized peak area for TNT with 3,4-DNT as an internal standard usin
 (A) deactivated and (B) SiltekTM-coated glass liner. The error bars represent one st
nalysis when coupled to the TDS. However, one must minimize
nalyte loss during the TDS desorption and CIS trapping process.
he fast CIS temperature ramp is on the order of seconds (12 ◦C s−1)
o provide a sharp injection of analyte onto the GC column.

ig. 4. The peak areas for (�) 3,4-DNT and ( ) TNT using a CIS with a SiltekTM-coate
emperature. (D) The normalized peak areas for TNT at various inlet flow rates for three in
een  eliminated for clarity but lie within the median of the error bars. Error bars represen
) standard split/splitless GC inlet and a ( ) CIS operated at a constant 250 ◦C with
d deviation at the various inlet flow rates (N = 3).
In contrast, the TDS desorption is relatively long, taking ca. 7.5 min,
while the CIS desorption cycle takes ca. 25 s. In this context, the
stability of 3,4-DNT and TNT during the long TDS desorption cycle
needs to be characterized.

d glass liner and liquid samples at (A) −50 ◦C, (B) 0 ◦C, and (C) 50 ◦C initial inlet
itial inlet temperatures (black = −50 ◦C; red = 0 ◦C; green = 50 ◦C). The symbols have
t one standard deviation (N = 3).
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njections were conducted at three different initial inlet temperatures: (�) −50 ◦C, 

N  = 3).

The vent time parameter was investigated at various inlet flow
ates and initial inlet temperatures using liquid injections onto the
IS, prior to TDS coupling. Fig. 1A shows the timing of the solvent
ent mode: the vent state, the CIS temperature ramp, and GC oven
emperature profile. The vent time occurs before the start of the CIS
emperature ramp to improve retention of less volatile analytes.
ig. 5 shows the peak areas for 3,4-DNT and TNT at two  different
nlet flow rates (285 and 580 mL  min−1) and three initial inlet tem-
eratures. Three replicate measurements were made under each
et of conditions and error bars represent one standard deviation.
low rates less than 285 mL  min−1 were not investigated based on
he results from Fig. 4. Unlike the split injection, where the initial
nlet temperature had little to no effect on peak area at flow rates
reater than 200 mL  min−1, the initial inlet temperature for the sol-
ent vent mode is important, regardless of flow rate. The peak area
or 3,4-DNT is significantly lower at an initial inlet temperature of
0 ◦C. The 3,4-DNT is less effectively adsorbed in the CIS at 50 ◦C.
onsequently, not all of the 3,4-DNT is trapped at 50 ◦C (Fig. 5A),
nd this effect is exacerbated at higher flow rates (Fig. 5C). The
neffective trapping at initial inlet temperatures greater than 0 ◦C
s also observed for TNT. In Fig. 5B and D, the peak areas for TNT

ecrease with an increase in vent time at an initial inlet temper-
ture of 50 ◦C. This result demonstrates that TNT is ineffectively
dsorbed onto the SiltekTM-coated glass liner at an elevated tem-
erature and consequently, TNT is vented instead of trapped for
 (D) TNT at 580 mL min inlet flow rate using a CIS with different vent times. The
◦C, and ( ) 50 ◦C in triplicate with error bars representing one standard deviation

trace analysis. Regardless of flow rate, peak areas for 3,4-DNT and
TNT are maximized at 0 ◦C, except for 3,4-DNT at 580 mL  min−1 flow
rate (Fig. 5C), where there is no significant difference in peak area
at either −50 ◦C or 0 ◦C. Therefore, an initial inlet temperature of
0 ◦C can be used in combination with a solvent vent. This result is
consistent with the optimized conditions for liquid injections with
a CIS operated in split mode.

The optimal initial inlet temperature for the CIS solvent mode
to minimize analyte loss has been established as 0 ◦C, but an appro-
priate vent time must also be determined. The peak areas for both
3,4-DNT and TNT appear to reach a maximum with a 2.0 min  vent
time for a 0 ◦C initial inlet temperature in Fig. 5. The 2.0 min vent
time at 0 ◦C is also optimal regardless of flow rate through the inlet.
This is an important characteristic because a flow rate dependence
has been observed for 3,4-DNT and TNT adsorption/desorption and
higher flow rates might be necessary to effectively desorb these
analytes from sampling tubes with the TDS. Thus, a 2.0 min  vent
time and a 0 ◦C initial inlet temperature are optimal for trace quan-
titative analysis of TNT using a CIS in solvent vent mode.

3.5. Injection via TDS–CIS system
The TDS was  attached after characterizing the CIS with liquid
samples and the SLH. A temperature ramp profile from 25 ◦C to
250 ◦C at 40 ◦C min−1 with a 2.0 min  hold time at 250 ◦C was  used.
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Fig. 6. Plot of peak area versus mass for (A) 3,4-DNT and (B) TNT using (�) a standard GC inlet and ( ) an optimized CIS with cryo-focusing enabled. Similarly, the peak area
versus  TNT standard mass for (C) 3,4-DNT and (D) TNT using (�) a Tenax®-filled and ( ) empty sample tube with standard solutions injected directly onto the frit of both
t ation 
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ypes  of vapor sample tubes. The error bars for all plots represent one standard devi
s  an internal standard. These plots are then used to establish calibration curves of 

 flow rate of 285 mL  min−1 through the TDS during desorption was
elected based on the results from the previous experiments, where

 flow rate dependence was observed and at least 200 mL  min−1

as necessary for reproducible desorption of both 3,4-DNT and
NT (Fig. 4D). Liquid samples were deposited onto either Tenax®

0/80 filled or empty vapor sampling tubes, and the solvent (ace-
onitrile) was allowed to evaporate for at least 20 min. The hold
ime was extended to 4.0 min  with no significant change in peak
reas for either 3,4-DNT and TNT. These conditions are consistent
ith previous literature, which also used a 285 mL  min−1 flow rate

or in-port desorption of TNT from a plastic wipe [18].
Calibration curves were established for standard solutions using

 standard GC inlet and a CIS optimized method. Fig. 6A shows peak
rea versus mass for 3,4-DNT with a standard GC inlet and a CIS.
alibration curves are generally established using an internal stan-
ard at a constant concentration or mass; hence, the 3,4-DNT mass
as been held constant. Ideally, a plot of 3,4-DNT peak area for each
ass of TNT would yield a horizontal line. This is not true for the

tandard GC inlet in Fig. 6A. The error bars, a representation of the
ariability associated with the inlet, injection, and method, for the

tandard GC inlet are relatively large compared to the error bars
or 3,4-DNT using a CIS. However, the overall magnitude of the
,4-DNT peak areas has decreased significantly, within one stan-
ard deviation, relative to the peak areas for a standard GC inlet.
(N = 3). The 3,4-DNT mass was  held constant for all masses of TNT since it is utilized
rmalized peak area (TNT/3,4-DNT).

Despite the use of an optimized method, there is some significant
loss of 3,4-DNT with a CIS injection using standard solutions, but
the reproducibility is improved.

The peak area for TNT at different TNT masses spread across
the entire dynamic range of the �ECD is seen in Fig. 6B. Similar to
the results with 3,4-DNT using the optimized CIS injection method
with temperature ramping, the magnitude of the TNT peak area is
statistically less within one standard deviation for the CIS versus
a standard GC inlet, but the error bars are noticeably improved.
Again, the optimized CIS method yields more reproducible results
for nitroaromatics, but there is a loss of both analyte and internal
standard. The source of the loss is not known, but it is likely due to
poor trapping efficiency in the CIS liner. Adjustment of the temper-
ature ramp delay relative to the vent time may  yield more insight
into the source of the loss between the CIS and a standard GC inlet.
Despite this loss, calibration curves can reliably be established with
a CIS and standard solution injections.

The direct deposition of standard solutions on a vapor sampling
tube for quantitation was evaluated by establishing a calibration
curve for 3,4-DNT and TNT using a TDS–CIS with the optimized

CIS method. Liquid deposits were placed in both Tenax®-filled and
empty sample tubes. Fig. 6C shows the peak area of the internal
standard, 3,4-DNT, at different TNT masses for the two  types of
vapor sampling tubes. The 3,4-DNT peak area is most constant
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Fig. 7. (A) Calibration curves for liquid samples with (�) a standard split/splitless GC inlet and ( ) a TDS–CIS using Tenax®-filled sample tubes with direct liquid deposition.
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ll  samples were run in triplicate, but errors bars are not visible with the log–log sca
yGC) and TDS–CIS (yTDS) are also displayed, respectively. (B) The error, one standard
alibration curve and are plotted left-to-right per mass of TNT: standard split/splitle

cross TNT masses for sample tubes filled with Tenax®, as indi-
ated by the relatively small error bars and consistent peak areas
hown in Fig. 6C. The empty sample tubes yield a decrease in repro-
ucibility indicated by the relatively large error bars (one standard
eviation) compared to the Tenax®-filled tubes. It is believed the
ource of the increased variability for 3,4-DNT using empty tubes
s related to the gas temperature through the sample tube and flow
ynamics. The gas flowing through the Tenax®-filled sample tube
asses over more heated surface area via a packed sorbent bed.
he empty sample tube only provides the gas molecules closest to
he walls reaching the maximum desorption temperature (250 ◦C)
efore passing through the glass frit of the sample tube. This is simi-

ar to the results observed with the initial inlet temperature and CIS
emperature ramp, where 3,4-DNT was more efficiently desorbed
ith a higher temperature inlet. Furthermore, the relatively small

olumes of liquid (5 �L) used for direct liquid deposition do not
arry the liquid samples into the Tenax® layer, but merely distribute
t on the glass frit. Thus, the difference between the Tenax®-filled
nd empty sample tube calibration curves for 3,4-DNT is not a dif-
erence in desorption between Tenax® and glass, but more likely
elated to flow dynamics and heat. The exact cause of the increased
ariability associated with the direct liquid deposition method onto
mpty sample tubes is not fully understood, but it is recommended
o use the Tenax®-filled sample tubes to yield more reproducible
nd consistent results for nitroaromatics.

The TNT peak area in Fig. 6D does not appear to be effected by
he sample tube construction (empty or Tenax®-filled). At masses
ess than 3 ng, there is no statistical difference in TNT peak area
etween a Tenax®-filled or empty sample tube. As the mass reaches

 ng and greater, the error bars for TNT peak area increase for an
mpty sample tube, suggesting that due to the lower gas temper-
ture, there is variable desorption of TNT from the glass frit of the
ample tube. Similar to 3,4-DNT, a packed, Tenax®-filled sample
ube should be used in association with the direct liquid deposi-
ion method for establishing calibration curves of nitroaromatics.
f note, the larger error bars for 6 ng of TNT (Fig. 6A and B) are at the
aximum of the �ECD’s dynamic range. The detector becomes sat-

rated at approximately 5.5 ng of TNT and the variability observed
t 6 ng is associated with detector saturation.
Calibration curves are typically established with the normalized
eak area of the analyte of interest versus an internal standard.
ig. 7A shows a calibration curve with the normalized peak area
or TNT on a log–log scale with 3,4-DNT as the internal standard at
 slopes, intercepts, and R values for the calibration curves for the standard GC inlet
tion, for each injection method for three replicate injections. The colors match the

 inlet and a TDS–CIS using Tenax®-filled sample tubes with direct liquid deposition.

constant mass for a standard GC inlet and the direct liquid deposi-
tion method using a TDS–CIS inlet. Error bars have been omitted for
clarity and are instead shown in Fig. 7B, which is a representation of
the error for each mass used in the calibration curves for each sam-
ple introduction method. The error bars are horizontally offset for
clarity. The normalized peak area for TNT at 6 ng has been excluded
from the linear fit in Fig. 7A because it is beyond the dynamic range
of the detector. The equation of the lines along with the coefficient
of determination (R2) for the two linear fits are shown in Fig. 7A as
yGC and yTDS for the calibration curve for the standard GC inlet and
the TDS–CIS, respectively. As expected, the standard GC inlet yields
a relatively linear calibration curve on a log–log scale with a R2 near
unity. The TDS–CIS calibration curve with direct liquid deposition
method has a nearly identical slope to the standard GC inlet calibra-
tion curve within one standard deviation, but the R2 deviates from
unity. The nearly identical slope between the two  calibration curves
indicates that the direct liquid deposition method can be used for
establishing calibration curves, but there is an inherent loss asso-
ciated with the TDS–CIS injection. The loss is relatively consistent
and independent of TNT mass, as is demonstrated in Fig. 7A. The
source of the loss is not known, but it is believed to be related to
the desorption process within the TDS and compounded by the loss
observed for the CIS in Fig. 6B for TNT. The offset and associated loss
with the TDS does not preclude the use of the direct liquid depo-
sition process for establishing calibration curves, but does indicate
routine liquid sample injections should be performed to ensure the
offset remains constant, and apply appropriate correction when
obtaining quantitative information about vapor samples collected
on Tenax®-filled sample tubes. While quantitation of TNT vapor
samples using the direct liquid deposition method has not been
presented, the losses associated with the instrumentation and the
viability of the direct liquid deposition method for explosive vapor
quantitation has been demonstrated.

4. Conclusions

A new simple direct liquid deposition method for establishing
calibration curves for explosives from vapor sample tubes was com-
pared to liquid injections on a standard split/splitless GC inlet. To

evaluate the utility of the direct liquid deposition method, losses
associated with each component of the TDS–CIS system were char-
acterized relative to a standard split/splitless GC inlet, and 3,4-DNT
was  introduced as an internal standard. It was determined that inlet
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ow rates above 200 mL  min−1 are required for the CIS to perform
omparably to a standard GC inlet. Furthermore, there was a flow
ate dependent desorption of 3,4-DNT and TNT from both a deacti-
ated and SiltekTM-coated glass liner. The use of a SiltekTM-coated
lass liner, a flow rate of 285 mL  min−1, an initial inlet tempera-
ure of 0 ◦C, and a solvent vent time of 2.0 min  were optimal for
uantitative analysis of TNT using a CIS for both liquid samples and
apors introduced from a TDS. These results are consistent with
revious investigations for the operation of individual components
ut until now has not been evaluated from a complete systems
iew for a TDS–CIS–GC-ECD. Calibration curves were established
or a standard GC inlet and TDS–CIS configurations with liquid
amples and directly depositing standard solutions onto Tenax®-
lled and empty sample tubes. Comparison of Tenax®-filled to
mpty sample tubes using the direct liquid deposition method indi-
ated heating and a flow dynamic dependence for reproducible
esorption of 3,4-DNT and TNT. The Tenax®-filled sample tubes
ielded more consistent results. An offset between the standard GC
nlet and Tenax®-filled direct liquid deposition calibration curves
ndicated a loss associated with the TDS–CIS, but the loss was  inde-
endent of TNT mass. Most importantly, the linear response and

mproved reproducibility for the direct liquid deposition method
emonstrates its significant advantage over traditional methods for
uantitation of explosive vapors.
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