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- FOREWORD

Following a Congressional mandate! to develop new and improved techniques, systems, and
equipment to strengthen law enforcement and criminal justice, the National Institute of Law
Enforcement and Criminal Justice (NILECJI) has established the Law ‘Enforcement Standards
Laboratory (LESL) at the National Bureau of Standards. LESL’s function is to conduct research that
will assist law enforcement and criminal justice agenmes in the selection and procurement of quality
equipment.

In respounse to priorities established by NILECJ, LESL is (1) subjecting existing equipment to
laboratory testing and evaluation and (2) conducting research leading to the development of several
series of dociments, including national voluntary equipment standards, user guidelines, state-of-
the-art surveys and other reports.

This document, LESP-RPT-0604.00, A Trace Vapor Gernerator for Testing Explosives Vapor
Detectors, is a law enforcement equipment. report. prepared by LESL and issued by NILEC]J,
Additional reports as well as other documents are being issued under the LESL program in the areas
of protective equipment, communications equipment, security systems, weapons, - emergency
equipment, investigative aids, vehicles and clothing.

Technical comments and suggestions concerning the subject matter of this report are invited
from all interested parties. Comments should be addressed to the Program Manager for Standards,
National Institute of Law Enforcement and Criminal Justice, Law Enforcement Assistance Adminis-
tration, U.S. Department of Justice, Washington, D.C. 20531,

George Shollenberger

Program Manager for Standards
National Institute of Law

~ Enforcement and Criminal Justice

1Section 402(b) of the Omnibus Crime Control ard Safe Streets Act of 1968, as amended.



LESP-RPT-0604.00

A TRACE VAPOR GENERATOR FOR TESTING
EXPLOSIVES VAPOR DETECTORS

1. INTRODUCTION

Vapors from such explosives as trinitrotoluene (TNT) and ethylene glycol dinitrate (EGDN}, at
known low concentrations below one part per billion * (ppb), are required for the determination of the
limits of detection of commercial explosives vapor detectors. These detectors are used in a variety of
law enforcement applications, and are primarily designed for the detection of TNT and dynamite,
The vapors of other constituents present in explosives, such as dinitrotoluene (DNT) in TNT, may
also be detected.

A dynamic gas blending system has been developed for producing known low concentrations of
vapors of 2,4,6 TNT, 2,4 DNT, 2,6 DNT, and EGDN. The dynamic dilution of TNT and EGDN
vapors had previpusly beer: employed for this purpose by several workers. Wall etal, (1) developed a
system based on weight loss, using a thermogravimetric analyzer and measured flow rates. Liebel
and Roberts (2) described a device for TINT vapor generation, and Dravnieks (3) used a double-stage
system for the dilution of EGDN vapors at ropm temperature by a factor of 105,

The vapor generator constructed by us uses a single dilution stage for simplicity in design and
construction, Instruments of this kind have been evaluated at the National Bureau of Standards for a
number of applications (4). In this system, an equilibrium. vapor concentration of TNT, DNT, or
EGDN is generated by passing nitrogen through a column containing the explosive deposited on an
inert support. The nitrogen becomes saturated with the explosive vapor while passing through the
cofumn, The column is maintained at a controlled temperature which can be varied.tr obtain a range
of equilibrium vapor concentrations. The output of the column is connected to a mixing manifold
where the equilibrium vapor is diluted with air to provide the desired final vapor concentration.

This report describes the design of the generator, and the measurements made to verify that the
output vapor concentrations are close to the expected values. Three explosives vapor detectors of
different designs were used to demonstrate the applicability of this system for testing the perfor-
mance of detectors. Vapor pressures and heats of sublimation were calculated from the equilibrium
vapor concentrations measured in this work and were compared to the data reported by other
workers,

2. DESCRIPTION OF GENERATOR

A diagram of the system is presented in figure 1. Dry nitrogen passes through a charcoal filter
and molecular sieve (13 x - 40/60 mesh) trap before entering the column containing the explosive
material. The preparation of these columns and the purification of the explosive miaterials are
discussed in Appendix A. The equilibrated explosive vapor from the column enters an electronic
metering valve which precisely dispenses a predetermined flow of vapor to the mixing manifold, The
explosive vapor is diluted with air in the mixing manifold, and then passes to the sampling manifold
where it exits the system through two ports.

The flow rates of the equilibrated explosives vapor and diluent air must be well regulated. This
is accomplished by means of differential flow controllers (UFC and DFC) which maintain constant
pressure drops across extemal needle valves (V-2 and V-4) so that the downstream flows are

* 107 moles of explogive vapor per mole of air.
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- Figure 1. Schematic Diagram of the Trace Vapor Generator:

functions of the rieedle valve openings. The flow rates are measured using flowmeters R, and R;.

.Flow rate calibrations were performed using a bubble-type flow meter for measuring the equilibrium

vapor and a wet-test meter for measuring the diluent air. To minimize the adsorption and condensa-

“tion of explosives vapors on the glass surfaces, the glass tubing at the column exit is heated to

80-90°C, The metering valve, mixing manifold and sampling manifold are maintained at 40-50°C.

2.1 Elecironic Metering Valve

The- {iow rates through the column range from 30 to 50 mi/min. The diluent air flow rates range
from 1,000 tc 7,000 ml/min, permitting a dilution of up to about 200 times. However, dilutions
greater than 1000 times are necessary to produce output EGDN concentrations of less than 0.5 ppb.
This was accomplished by reducing the flow of the equilibrium vapor to the mixing manifold by
means of an electronic metering valve. The valve is operated so that a pre-selected fraction of the
equilibrium vapor from the colimn enters the mixing manifold while the rest of the gas flow is vented
through a bleed outlet. The fraction of gas flow delivered to the mixing manifold is determined by a
thumbwheel setting and is equat to:
_NE,_,

1000

(1)

where N is the thumbwheel setting (which can be varied from 50 to 999), and F; is the flow rate of the
equilibrium vapor from the column. The accuracy of the metering valve was checked with a
bubble-type flow meter at various thumbwheel settings. The valve has a smaJl internal volume in
order to minimize adsorption problems.

A thumbwheel setting of 999 permits essentlally the total flow from the column to pass to the
mixing manifold. When the valve is switched off, the total flow is vented through the bleed outlet.

2




Although the valve is actually required only for producing low concentrations of EGDN vapor, it was
kept in the system when generating TNT and DNT vapors.

2.2 Temperature Control

Column temperatures were maintained constant within = 0.05°C. The accuracy of the tempera-
ture controller was checked at 0°C and —33°C with an NBS platinum resistance thermometer, and
found to be better than =+ 0.2°C. :

2.3 Expected Vapor Concentrations

The expected output concentration is given by

NE, ‘
M RN el SR 2
Co=C NF, + 1000F, ' @

where C, is the output concentration in ppb; C, is the equilibrium vapor concentration, in ppb, from
the column at a constant temperature; F, is the flow rate of the diluent air entermg the mixing
manifold; N and F, are as defined above. '

The temperature dependeuce of the equilibrium vapor concentration is predicted from the
Clausius-Clapeyron equation, whick can be written:

logp———z:fgr + A, ©)]

where p is vapor pressure in mm of Hg, R is the gas constant in calories per mole, T is the absolute
temperature in degrees Kelvin, AH is the heat of sublitnation or vaporization in cal/mole, and A is a
constant. Equation (3) can be rewritien in terms of vapor concentration, C, expressed in ppb, using:

o= P X 20° 4

¢ 760 @
Thus:

log C. = a, —,}:+ 2+ o &)

where T is the absolute temperature of the column,

AH
= . An 6
& 53R 2 ©
3, = A +6.1i919, m

A plot of log C, versus 1/T yields a straight line with slope a; and intercept a,.

3. ANALYTICAL METHODOLOGY

A gas chromiatographic procedure was developed to confirm the accuracy-of the trace vapor
generator. This same technique was used to measure the output concentrations and the concentra-
tions of the equilibrium vapors from the column.

A known volume of explosive vapor is passed through a collection tube, shown in figure 2;
containing glass wool and charcoal. These adsorbents completely adsorb the éxplosive material. The
explosive material is then removed from the adsorbent by elution with either benzene for TNT and
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DNT, or acetone-cyclohexane solutions for EGDN. The quantity of the explosive in solution is
measured by comparing the chromatogram peak area from this solution and from a standard solution.
“The explosive vapor concentration, C, in ppb, is calculated from the equation:

_ CsAuVaG X 10°
¢ As VM , ®

where Cy = the concentration of the standard sofution in nanograms (ng) per ml of sofution
Ag = chromatogram area of eluted sample
Ag = chromatogram area of standard $ample
Ve = volume of eluted sample in mifliliters
Y = volume of vapor collected in Jiters (.c., flow rate in liters/min X time in minutes)
G = molar gas volume in liters/mole
M = molecular weight of the explosive

r-———- tem LD,
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Figure 2. Vapor Collection Tube.

3.1 Vapor Collection Tubes

The coliection tubes were made from disposable transfer pipettes, as shown in figure 2. The
adsorbent consisted of a glass wool plug about 3 em long followed by a 1 mg of finely divided
charcoal and a 1 'cm glass wool plug.

The collection efficiency of the collection tubes was determined by collecting known volumes
of equilibrated DNT vapors flowing at 30 ml/min in giube 13 cm long containing double sections of
the glass wool/charcoal adsorbent. The vapors were collected at the exit of the column, as shown in
figure 3. Each adsorbent section was removed and analyzed separately. Less than two percent of the
total amount of the DNT collected was found on the second section. Additional measurements
showed that the collection ¢fficiency was essentially 100 percent for flow rafes (F;) between 10 and
100 mi/min. The collection efficiency was also checked when the tubes were used to collect output
vapors from the sampling manifold and was found to be essentially 100 percent for flow rates up to
410 mi/min,




COLUMN

Figure 3. Collecting Vapors From Exit of Column.

3.2 Collection of the Dilute Vapors

In order to measure diluted output concentrations below 1 ppb, the collection and concentration
of relatively large volumes of vapor (e.g., 10-50 liters) was necessary. A device for collecting large
volumes of vapor, similakto one described by Cadoff (5), was constructed for this purpese and is
shown in figure 4. The collection flow rate is adjusted with a fine needle coatrol valve (V-5); rates
from 50 to 1000 ml/min can be selected. When the stopcock is in the bypass position, the flow rate is
measured with a flowmeter. This flowmeter is calibrated at atmospheric pressure, and thus cannot be
incorporated into the sampling line because of the pressure drop eéncountered when the collection
tube isin place. A pressure gauge indicates the differential pressure drop when the collection tube is
inserted. Once a flow rate is selected, pressure drops as high as 500 mm Hg can be tolerated without
any measurable change in the flow rate through the tube. To ensure reliable operation, a tight packing
of the glass wool in the tube is avoided, A flow rate of 300 ml/min can be maintained constant at a
pressure drop of 500 mm Hg or less. Variation in the flow rate was checked with a collection tube in
place by monitoring the flow rate at periodic intervals for 48 hours. The maximum observed
deviation from 300 ml/min did not exceed £6 ml/min, or two percent. Collection flow rates were
calibrated using a wet-test meter (not shown in the figure) upstream from the collection tube. When
this variable flow device was used to sample diluted vapors exiting the system, the flow rate of the
diluted vapor was at least four times the collection rate. The collection tube was inserted through a
latex rubber sleeve and fitted onto the bottom port of the sampling manifold as shown in the figure.
Collection of the vapor was begun when the stopcock was rotated to the sample position. Collection
times varied from about 30 minutes to 10 hours.

5
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Figure 4. Variable Flow Collection System

3.3 Analysis of the Collected Vapors

3.3.1 Preparation of Calibration Solutions ¢
Standard solutions for calibration of the gas chromatograph were prepared by dissolving known
amounts of purified TNT and DNT in benzene in volumetric flasks. Working standards were made
by serial dilution, An EGDN standard solution was prepared by dilution of a 60 percént EGDN, 40
percent acetone solution with acetone, Working EGDN standards were prepared by serial dilution
with cyclohexane so that the acetone concentration in these solutions did not exceed two percent.
Higher acetone concentration were avoided because of severe tailing of the acetone chromatograms.

3.3.2 Gas Chromatographlc Conditions

A gas chromatograph operated isothermally was used in these experiments. The electron
capture detector contained either a titanium tritide foil operated at 200°C or a scandium tritide foil at
230-270°C. A 1.8 meter glass column packed with 4 percent UCW-98 on Chromosorb WHP
(100/120 mesh)-AW-DMCS was used for measurements of TNT and DNT. The column temperature
. ~was adjusted between 140 and 160°C to give reténtion times of 83 seconds for TNT, 70 seconds for
.. 2,4 DNT, and 110 seconds for 2,6 DNT. The injection port temperature was 165°C. The standing

current during operation was at least 1.3 x 1078 A, High purity nitrogen containing less than 0.5 ppm
0, was used as the carrier gas, at-a flow rate of 60 mi/min.
For EGDN measurements, a 0.2 em LD. x 70 cm glass column was packed with 12 percent
DEGS on Chromosorb WHP (100/120 mesh) and operated at 125°C to give retention times of about
70 seconds.

3.3.3 Analytical Procedure

TNT and DNT were eluted from the collection tubes with benzene. It was found that 0.5 t0 0.7
ml of benzene completely elutes the explosive; small volumes of solvent improve the analytical
accuracy. EGDN was eluted with 12-25 ul of acetone followed by cyclohexane, These samples
were collected in volumetric flasks. From 1 to 5 1 of sample was injected into the chromatograph,
and the areas of the chromatograms were measured using electronic integration. In the same manner,

r
i
¥

aliquots of standard solutions were injected and the corresponding chromatogram areas were: |

measured. The working standard concentrations were prepared in order to give chromatogram areas |

within 20 percent of the areas of the sample chromatograms.

6
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4, MEASUREMENTS OF VAPOR CONCENTRATIONS

4.1 Flow Rates and Column Temperatures

By using vapor flow rates and column temperatures such that the nitrogen carrier gas is saturated
with explosive vapor, the equilibrium concentration from the column is predictable from equation
(5). If the nitrogen is saturated with explosive vapor, the explosive vapor concentration is insensitive
to variation in flow rate and to the quantity of explosive material used to fill the column.

No significant differences in 2,4 DNT concentrations were observed when the nitrogen flow
rate, F,, was varied from 10 to 100 ml/min with the column temperature at 25°C, A nitrogen flow rate -
of 3040 mi/min was considered appropriate for generating equilibrium vapor concentrations over
the temperature ranges from 14.0 to 56,5°C for TNT, 4,0 to 71.0°C for 2,4 DNT, and 4.0 to 50.0°C
for 2,6 DNT. The size of the columns used, including the amount of dispersed explosive, was
essentially identical for TNT, 2,4 DNT, and 2,6 DNT. ~

Measurements made wiwt EGDN showed no differences in vapor concentrations when the
nitrogen flow rate was varied from 30 to 40 mi/min, but a 15 percent decrease in the vapor
concentration was noted at a nitrogen flow rate of 70 mi/min. For this reason, the nitrogen flow rates
used for generating EGDN equilibrium vapor concentrations did not exceed 37 mi/min over the
temperature range from —33to +25°C,

4.2 Variation of Equilibrium Vapor Concentration With Column Temperature,

Tables 1 through 4 show measured equilibrium concentrations, C,, for TNT, 2,4 DNT, 2,6
DNT, and EGDN at various column temperatures, Equilibrium concentrations for TNT and EGDN
(Tables 1 and 4) were measured directly at the column exit. Howegver, for 2,4 DNT and 2,6 DNT
(Tables 2 and 3), the diluted output vapor concentrations, C,, were measured at the sampling
'manifold, while varying both the column temperature and the dilution ratio, Fy/(F; +F;), Equilib-
rium concentrations were then calculated using equation (2), with N = 999,

TABLE 1. TNT Egquilibrium Concentration As a Function of Temperature

Run Temperature Measured Run Temperature Measured
No. °C C. (ppb) No. °C C..{ppb)
1 14.0 2.8 19 45.0 152
2 14.0 2.9 20 45.0 132
3 14.0 3.0 21 45.0 142
4 21.0 3.8 22 45.0 173
5 21.0 ' 4.3 23 45.0 182
6 25.0 8.9 24 45,0 151
7 25.0 11.8 25 45.0 155
8 25.0 10.8 26 50.0 251
9 25.0 i1.0 27 50.0 269
10 25.3 12.4 28 55.0 . 457
11 25.3 12,9 29 55.0 460
12 26.5 16.9 30 55.0 506
13 35.0 74 31 55.0 521
14 35.0 76 32 56.5 584
15 35,0 39 33 56.5 614 .
16 40.0 91 34 56.5 577
17 40.0 93 35 56.5 610
18 45.0 136 36 56.5 571




TaBLE 2. 2,4 DNT Equilibrinm Concentration as a Functior. of Temperature

Run Temperature B Measured C. (ppb) = C, E, +Fy)
No. °C Fi+F, Co (ppb) Fy

1 4.0 0.02509 ;0,397 15.8

2 4.0 0.02453 v 0.405 16.5

3 10.0 0.02368 0.877 37.0

4 10.0 0.02398 0.897 37.4

5 20.0 0.02287 3.92 171.4

6 20.0 0.02287 4,03 176.2

7 30.0 0.02301 9.8 425

8 30.0 0.02301 10.8 471

9 40,0 0.02401 43.5 1.81x10*
10 40.0 0.02401 38.4 1.60x10?
11 40.0 0.G2233 35.3 1,58x108
12 40.0 0.02233 44.0 1.97x10°
13 40.0 0.02233 4.8 1.56x10°
14 40,0 0.02096 33.9 1.62x10°
15 50.0 0.02274 154.2 6.78x10?
16 50.0 0.02274 157.6 6.93x10°
17 60.0 0.009049 146.6 1.62x10%
18 60.0 0.009049 149.9 1.66x10
19 71.0 0.009326 457 4.89x101
20 71.0 0.009326 519 5.57x10%

TABLE 3. 2,6 DNT Equilibrium Concentration as a Function of Temperature

Run  Temperatuic K Measured C, (ppb) = C, Frt+Fs)

No. °C Fy+F, C, (ppb) 13 »
1 4.0 0.02424 0.825 34.0 SR

2 4.0 0.02424 0.812 33,5 "f_ .
3 10.0 0.02319 2.45 105.6 PR
4 10.0 0.02319 2,44 105.3 BRI
5 20.0 0,02387 9.43 395 LT
6 20.0 0.02387 9,89 414 HESE SR
7 20.0 0.02300 8.59 373 L :
8 20,0 0.02300 1.77 338 &
9 20.0 0.02300 8.53 371

10 30.0 0.009233 13.2 1.43x10°

11 30.0 0.009233 13.5 1.46x10°

12 30.6- 0.009350 13.8 1.48x103

13 300 - 0.009350 14.4 1.54x10°

14 30.0 (.02332 311 1.33x10°

15 40.0 0.02348 114 4,84x10°

16 40.0 , 0.02348 113 4.83x10°

17 40.0 0.02348 108 4.61x10°

18 50.0 0.009167 153 1,.67x10%

19 50.0 0.009167 157 1.71x10%
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TasLe 4, EGDN Equilibrium Concentration as a Function of Temperature

Run : Tempecrature Measured
No. Lo C. (pph)

1 -33.0 148

2 —33.0 143

3 ~33.0 ~ 156

4 —33.0 148

5 -30.0 234

6 -30.0 225

7 —30.0 228

8 -30.0 . 252

9 —18.5 1.18x10°
10 ~18.5 1.04x103
11 —18.5 1.11x10°
12 — 5.0 5.13x10°
13 -5.0 \ SRR 5.42x10°
14 - 50 ' : 4.93x10%
15 , - 5.0 : 5.76x10°
16 25.0 9.66x10*
17 25.0 10.70x10%
18 25.0¢ 8.98x10*
19 25.0 10.27x10*

20 250 o 9.95x10*

A least-squares analysis was performed for the data in Tables 1-4, solving for values of a, and a,
in equation (5), with the following results {(C, in parts per billion, T in °K):

For TNT

log Ce = —5175.4 = +18.431 , ©®
For 2,4 DNT

log Co = —4991.9 — + 19.201 | | (10)
For. 2,6 DNT

log Co = ~5139.1 lT +20.111 : an
For EGDN

log Ce = 3475.6 — + 16.666 R o

The agreement between the measured concentrations and those calculated from equatmm 9
through 12 is generally better than 15 percent,

Since the regression coefficients for 2,4 DNT and 2,6 DNT were determined using several
-values of the dilution factor, a few additional 2,4 DNT equilibrium vapor concentrations were
measured directly at the column exit at 25°C. The average of nine determinations was 314 ppb, witha
relative standard deviation of 15 percent. The equilibrinm concentratlon predlcted from equation 10
for 25°C is 287 ppb, a nine percent différence.

9



More definitive information about the *‘goodness of fit’* of these equations is given in Table 5.
Refer to any text on regression analysis (14) for definitions of the terms listed in Table 5.

TABLE 5. *‘Goodness of Fit" of Equations 9-12

| INT ~ 24DNT  2,6DNT  EGDN
“ Residual
Standard Deviation 0.091 0.056 0.035 0.030
Standard Error ~
- of a, 105 59.4 52,3 21.5
Standard Error ; .
of a, 2336 0.193 0.175 0.083

An independent check was made of the data in Tables 1 through 4 - and thus of equations 9
through 12 - by considering the data to be a measure of the vapor pressures of the explosive materials,
After converting back to equation 3 in order to calculate vapor pressures instead of vapor concentra-
tions, the regression coefficients corresponding to data from this work were compared with similar
coefficients obtained from the literature. The results are shown in Table 6. (Heats of sublimation are
listed in Appendix B). ‘

TaBLE 6. Comparisons of Vapor Pressures with Literature Values

: Std.  No. of
Initercept, Std, Slope, - Dev. of Data  Residual
°C A Dev. of A AH/(2.3R) Slope Points Std. Dev.
For TNT: : '
This Work 14-56.5  12.31 0.34 5172 105 36 0.091
Lenchitz & ,

Velicky (6) 54-76 13.08 0.38 5401 130 11 0.024
Edwards (7) 50-143 12.10 0.25 5066 90 27 0.090
For 2,4 DNT: '

This Work 471" 13.08 0.19 4992 59.4 20 0.056
. Lenchitz & :

Velicky (6) 59-69 12,59 0.38 5130 128 12 0.013
Moiard (8) " 81-165.6 - 9.36 3664
For 2,6 DNT:

This Work 450 13.99 0.175 5139 52.3 19 0.035
‘Molard (8) 71.5-153.5 - 9.40 3586

For EGDN; ' : ‘
This Work -33-(+25) 10.55 0.083 3476 215 20 0.030
Brandner (11) 20-50 10.90 ~  0.096 3578 29 7 0.008

Belyaev (12) 74.5-117 9.85 0.063 3253 23 6 0.006

4.3 Qutput Concentration

Equations 9-12 relate to the concentrations of the equilibrium vapors coming from the column.
The utility of this trace vapor generator comes, however, from knowing the concentration of the

10
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output from the sampling manifold. The output concentration can be selected by adjustment of the -
column temperature and by selection of the dilution factor, NF;/(NF, +1000F,). The accuracy with
which the dilution factor in equation 2 can be used to predict output concentratlons is therefore of
interest.

Experimental control was demonstrated dlrectly for DNT (Tables 2 and 3), since several

dilution factors were used with good accuracy. To demonstrate this control for the dilution of TNT
and EGDN, predicted (from equations 2,9, and 12) and ‘measured values of the output concentration
were compared for various dilution factors, using one column temperature (30°C) for TNT and three
column temperatures (—~33°C, ~30°C, and —20°C) for EGDN. The results are tabulated in ‘Table 7
for TNT and Table § for EGDN. The measured output concentrations were generally within 15 to 20
percent of the predicted concentrations for TNT. But for EGDN, a negative bias of up to 40 percent
was found. These low values are probably caused by adsorption losses. Measurements made with
and without the electronic metering valve in the system gave essentially the same resuits, indicating
that the bias was not attributable to adsorption in the valve assembly. ’

5. APPLICABILITY TO EXPLOSIVES VAPOR DETECTORS -

In order to demonstrate the utility of the system, and particularly that the range of vapor
concentrations produced is suitable, data were obtained using three explosives vapor detectors of
different manufacture. Each instrument was used to measure one explosive material; instrurent A
was tested with TNT, instrument B with 2,4 DNT, and instrument C with EGDN. The data obtained
are presented in figures 5 to 7. The measurement procedure consisted of placing the sampling probe
of the detector at the bottom port of the sampling manifold while the top port was vented into a fume
hood. The vapor sampling rates of these instruments differed considerably from one another. This
difference can be important if the detection sensitivity depends on the volume of vapor sampled by
the instrument. : :

TapLe 7. Comparisons of Measured and Predicted TNT Output Concentrations

Equilibrium Vapor Concentration = 22.85 ppb*
Column Temperature = 30°C

Run Dilution Factor, Predicted C, = Measured C,, Per Cent-

No,. - NFy(NF,+1000F,)  from Eq. 2, ppb ppb. Difference -
1 0.04325 0.988 0.973 ~1.5
2 0.04249 0.971 0.824 ~15.1
3 0.02369 0.541 0.497 -8.1
4 0.02365 0.540 0.429 ~20.6
5 1 0.02307 0.527 0.498 55
6 0.02307 : 0.527 ; 0.521 ' N
7 0.009758 0.223 0.223 0
8 0.009493 0.217 0.161 . =258
9 0.009341 0.213 0179 -16.0
10 ~0.009195 0 0.210 0.186 o -114
11 10.009136 - 0.209 0.208 =05
12 0.004974 0114 0,122 : 7.0
13 0.004854 . 0111 0.120 8.1

14 0.004845 0.11% 0.0837 v 24,6

*Calculated from equation 9,
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TasLE 8. Comparisons of Measured and Predicted EGDN
Output Concentrations
Equilibrium vapor concentrations were 864* ppb, 235* ppb, and 156* ppb at —20°C, —30°C and
~33°C respectively. )

Run = - Dilution Factor, ‘ Predicted C, Measured C,, %
No. NF/(NF,4+1000 F;) = °C from Eq. 2; ppb ppb Difference
1 0.02469 =20 21.332 21.486 0.72
2 0.02337 ~20 20.192 20.204 0.06
3 0.009313 —20 8.046 7.825 —2.7
4 0.02848 ~30 6.693 6.077 ~-9.2
5 0.02363 =30 5.553 4.634 —16.5
6 0.005068 -20 4.379 4201 —4.1
7 0.02938 —33 4,583 3.592 -21.6
8 0.02938 —33 4,583 3.576 -22.0
9. 0.01138 =30 2.674 2.533 -5.3
10 0.01059 ~33 1.652 1.315 -20.4
11 0.009424 w33 1.470 1.129 ~23.2
12 0.009010 -33 1.406 1.246 —11.4
13 0.004990 -30 1.173 0.898 —23.4
14 0.007080 —33: 1.104 0.853 ~22.7
15 0.004625 -33 0.722 0.572 -20.8
16 0.002373 ‘ - =33 0,370 0,244 -34.1
17 0.00115 ~30 0.270 0.233 —13.7
18 0.00115 —30 0.270 0.228 ~15.6
19 0.00115 —-30 0.270 0.231 —14.4
20 0.00116 -33 - 0.181 0.123 -32.0
21 0.000580 —33 0.0905 0.0553 -38.9
*Calculated from equation 12,
eor
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Figure 6. Instrament B Response to 2,4 DNT

The time-dependent response of instrument A to various TNT concentrations from 0.2 to 1.3
ppb is plotted in figure 5. Maximum readings were obtained after 40 to 60 seconds. If the TNT vapor
sampling was continued for two minutes, the scale reading actually decreased. The alarm threshold
for this instrument was preset by the manufacturer so that the alarm was triggered when a reading
slightly above 20 was reached. After the 1.3 ppb response curve was obtained, the TNT column was
disconnected. A blank measurement was then made after about 1 minute. It appears that traces of
TNT vapor were still present in the generator but decreased rapidly after about 1 minute. ‘

For instrument B, the flow rate is high (7-8 1/min) at the start of the vapor sampling cycle, but
then decreases rapidly to a few ml/min at the end of the cycle. Unlike instruments A and C, the
sampling cycle time was fixed in this instrument. Measurements of 2,4 DNT from 0.08 to 8.4 ppb
were made using instrument B, and are shown in figure 6. Blank air sample traces were also recorded
and are shown in the figure. An alarm can be triggered by this instrument by setting the appropriate
controls, but this feature was not used in these experiments.

Data obtained with instrument C are shown in figure 7 for EGDN concentrations from 0.04 to
0.64 ppb. This instrument operates at a constant sampling flow rate and allows the operator to select
the sampling time. The data shown in figure 7 were taken at a sampling rate of about 1 liter/min for20
seconds.

For proper sampling, the flow rate from the sampling manifold must be greater than the
sampling rate of the explosives detector. Inthese experiments, the output flow rate of the explosives
vapors from the generator was 6 liters/min, which is many times greater than the vapor sampling rate
of instruments A and C, For instrument B, the vapor sampling rate was approximately equal to the

13
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Figure 7. Instrument C Response to EGDN.

flow rate from the generator for a few seconds at the start of the sampling cycle, This, however, was
not considered to be a problem because of the relatively long vapor sampling time of this instrument.

It was concluded from these data that this trace vapor generator can be used effectively to
determine the explosive vapor concentration for which a detector alarm is triggered, or to determine
the explosive vapor concentration at which detector response is just recognizable.
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APPENDIX A—COLUMN DESIGN

Al Muieriuls and Purification

Table 91ists the melting points of the TNT and DNT samples used in this work, after the samples
were purified by recrystallization from benzene. The suppliers are also shown.

TasLE 9. Melting Points of Explosive Materials

: : Military

Material Eastman Kodak - K&K Lab. Grade Literature
2,4 DNT ' 69.6-70.1 °C 69.8-70.9 °C — 7070 °C(13)
2,6 DNT e 57.3-57.7 °C —_— 56.6 °C(10)

2,4,6 TNT —_ 80.2-81.2 °C 80.4-31.0°C 82 (13)

At one point, there was some question regarding the purity of the 2,4 DNT sample. A a check,
equilibrium vapor concentration measurements were made on a sample of recrystallized 2,4 DNT
which had been heated at 60°C in a vacuum oven for two weeks. The measured vapor concentrations
were the same as those from the original sample, within the experimental error of the imeasurements,
The mass spectrum of dinitrotoluene was confirmed by comparison with a reference spectrum (9) but
positive identification of the 2,4 isomer could not be made using this gas chromatographic-mass
spectrometric technique. Gas chromatography was used to search for the presence of isomers in the
sample, but no detectable amounts were found.

EGDN(lot#E-B-28)was synthesized at the Trojan U.S. Powder Corporation, Allentown, Pa.,
from reagent grade thylene glycol and nitric acid. The assay that was reported was 0.0302 percent
moisture, 0.0002 percent nitric acid, and 99.67 percent total nitrogen. The material as received
contained 60 percent EGDN and 40 percent reagent acetone by weight,

Solvents consisted of benzene (Mallinckrodt Nanograde; or Matheson, Coleman, and Bell
pesticide quality), triple-distilled pentane (used in the recrystallization of TNT and DNT from
benzene), ACS reagent-acetone, and spectrograde quality cyclohexane.

A.2 Preparation of Columns

Three spiral-shaped glass columns (0.64 cm 0.D. by 190 cm long), the glass tubing connec-
tions, and tho glass mixing and sampling manifolds were first silanized by treatment for 20 minutes
with a 10 percent solution of dimethy! dichlorosilane, followed by thorough rinsing with toluene, and
then drying at 110°C. Two grams of either TNT, 2,4 DNT, or 2,6 DNT were mixed with 18 grams of
chromosorb G (60/80 mesh) and 25 ml of benzene. The slurry was stirred thoroughly until the
explosive material dissolved, then placed in a vacuum oven and heated below 50°C until nearly all
the benzene was removed, The slurry was again vigorously stirred to ensure good mixing of the:
material with the Chromosorb particles, and then returned to the vacuum oven and heated at 60-70°C
until dry. Each of the three glass columns was then filled with approximately 20 grams of one of these
mixtures and plugged with silanized glass wool at both ends,

Because of the hazardous nature of pure EGDN, a different procedure was used to prepare the
EGDN column, A spiral-shaped glass column (0.64 cm O.D. by 110 cm long) was filled with about 3
grams of Chromosorb P (hexamethyl disilazane treated; 100/120 mesh) and plugged with silanized
glass wool at both ends. A 4.0 ml aliquot of an EGDN-acetone solution having an EGDN

s



concentration of 77.2 mg/ml was added to the column. Sufficient air pressure was applied to the end
of the column containing the $olution until the entire length of the column was wetted with the
solution. Dry nitrogen was passed through the column at room temperature at a rate of 50 mi/min for
abont 5 hours to completely remove the acetone. It was estimated from the vapor pressure and the
flow rate that the amount of EGDN removed in the process did not exceed 15 mg, The columns

containing the explosive materials were preconditioned at each temperature used by flowing dry
" nitrogen through them for several hours,

16




he 3

APPENDIX B—HEATS OF SUBLIMATION AND HEATS OF VAPORIZATION

The heat of sublimation or vaporizatioﬁ can be obtained from the slope of the Clausius-
Clapeyron equation (see section 2.3). In table 10 are sumumnarized the values obtained in this work and
those obtained by other workers. '

Tapte 10. Heats of Sublimations

FOR TNT
Temperature AH; Std. Error*
Reference Range - kealfmol keal/mol
This work v 14.0-56.5°C 23.7 0.5
L&V 54-76°C - 24.7 0.6
Edwards 50-80°C 28.9 0.6
FOR 2,4 DNT and 2,6 DNT
Temperature AH, Std, Error*
Reference Range Compound keal/mol keal/mol
This work 4.0—71.0°C 2,4 DNT 22.9 0.3
L&V 59-69°C 2,4 DNT 23.5 0.6
This work 4.0-50°C 2,6 DNT 23.5 0.2
FOR EGDN
Temperature AHS Std. Error*
Reference Range keal/mol keal/mol
This work —-33—425°C 15.9 0.09
Brandner 20-50°C 16.4 0.13
Belyaev 74.5-117°C 14.9 0.11

*Standard errors are calculated from the std. dev. of the slopes of the fitted equations.
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