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ABSTRACT
Part I

A study of the air oxidation of parts—per-millio£
(p.p.m.) concentrations of nitric oxide was carried out
in a constant;volume, batch reaétbr. The initial
concentration of nitric oxide was varied from 2 to 75
p.p.m. while the oxygen concentration ranged from 3 x lO4

to 25 x lO4 p.p.m. The rate of the reaction was measured

in the ambient temperature region from 17 to 37°C and at a

means of chromatography.

The initial order of the oxidation reaction in the
absence of nitrogen dioxide was 2.00 * 0.09 for nitric
oxide and 0.97 + 0.l1 for oxygen. From initial rate
data at 26.5°C, a third-order rate constant of (1.297 +
0.051) x 10422g.mole‘25ec_l was obtained. There were no
measurable surface effects due to the Pyrex reaction
vessel, but the addition of nitrogen dioxide did increase
the initial oxidation rate. The initial third-order rate
constant in the absence of nitrogen dioxide exhibited a
small negative activation energy.

A mechanism was proposed which involved six reac-

tions with NO3, N203, and N205 as intermediates. When

the rate equation which resulted from that mechanism for
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ABSTRACT (contd.)

the oxidation of nitric oxide was integrated, the standard
deviation of the predicted concentration of nitric oxide
from the experimental data in the range from 2 to 75 p.p.m.

of nitric oxide was 1.6 p.p.m.

Part II

A gas chromatograph was developed for the quantita-
tive analysis of gas mixtures containing nitrogen dioxide
at concentrations from 0.5 to 75 p.p.m. in nitrogen, less
than 25 x lO4 p.p.m. of oxygen, and up to 75 p.p.m. of
nitric oxide. The chromatography column consisted of
powdered Teflon, Fluoropak 80, which had been coated with
a methyl silicone o0il, SF-96. A parallel-plane electron-
capture detector when operated in the pulse mode was found
to be the most sensitive chromatography device available
for the detection of nitrogen dioxide. The analysis was
accurate to an absolute deviation of 3.4 percent, with a
standard deviation of 1.3 p.p.m. in the concentration
range from 3 to 75 p.p.m. of nitrogen dioxide when oxygen
was present to the extent of 25 percent by volume in
nitrogen. The detection limit for the method was 0.5
p.p.m. of nitrogen dioxide.

Studies were carried out to determine the optimum

properties and operating conditions for the chromatography



ABSTRACT (contd.)

column. The parameters that affected the sensitivity of
the electron-capture detector were examined. These
included temperature, flow rate, cell geometry, size of
tritium source, voltage, and the means of applying this
potential to the cell.

Photographic materials on pp. 87, 88, 154, 155,
157, 158, 159 are essential and will not reproduce clearly

on Xerox copies. Photographic copies should be ordered.
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Part I

The Rate and Mechanism of the Air Oxidation
of Parts-Per-Million Concentrations of
Nitric Oxide



I. INTRODUCTION

Pollution of the air in metropolitan areas is
an increasing problem. Nitric oxide and unburned hydro-
carbons, formed by high-compression internal combustion .
engines and industrial plants, are of major importance
in air pollution. Nitric oxide reacts in the atmosphere
with molecular oxygen to form nitrogen dioxide, which oxi-
dizes .hydrocarbons photochemically to ketones, aldehydes,
and alcohols. These compounds, nitrogen oxides and
oxidized hydrocarbons, are the éonstituents of so-called
"smog", which are detrimental to the health of both the
human and plant population. However, the basic chemical
reactions which occur in these atmospheres are not well
understood. Because of the small amount of quantitative
work which has been carried out on the air oxidation of
nitric oxide in p.p.m.* concentrations, the rate of the
reaction was measured and a mechanism proposed.

The mechanism of ﬁhe oxidation of nitric oxide to
nitrogen dioxide has been a subject of controversy ever

(21)

since Raschig found that the reaction was third

order. He reported that the oxidation of nitric oxide
was second order in nitric oxide and first order in

oxygen, with NZOB as an intermediate. Lunge and Berle(ls)

*Throughout thig thesis p.p.m. is defined as mole
fraction x 10



found the same third-order dependence but reported the
‘oxidation to involve no intermediate. They suggested that

the reaction was truly termolecular and involved a three-

(3)

body collision. Bodenstein

(4)

also assumed a three-body

proposed a mechanism involving an
(27)

reaction, but 1later
(NO)2 intermediate. Sanfourche explained the oxidation
of nitric oxide with an intermediate N203, while
.Wburtzel(36) in substantiating the general third-order
behavior reported that N203 was not an intermediate but a
product of the several oxide reactions. Brown and Crist(s)
found that the reaction was third order and postulated the

1)

exisfence of an NO3 intermediate. Stoddart(3 reported

N} ke UL

that the oxidation of nitric oxide was a completely
.heterogeneous reaction involving adsorbed nitric oxide
molecules on the glass reaction vessel. In all of the
investigations discussed above either manometric orl
chemical methods of analysis were used. The total
pressure of all the above investigations was approximately‘
20 mm of mercury. None of the investigators studied the
effect of the initial addition of nitrogen dioxide, but
some did obtain anamolous results if the gases were not
dry.

Several investigators have noticed a departure
from the third-order kinetics as the reaction approached

completion or as the total pressure was reduced. Smith(zg)



found that the third-order rate constant increased as the
'ﬁétal pressure was reduced to near 1 mm of mercury. He
attributed this phenomenon to a catalytic reaction
involving adsorbed nitric oxide on the walls of the glass
rcaction vessel. 6Bmith obtained erratic results upon the
addition of water, but did not study the effect of

' nitrogen dioxide on the initial oxidation rate. Hasche

and Patrick(ll)

found the general third-order behavior
initially, but in several runs at 0°C the rate constants
tended to igcrease as the reaction neared completion. 1In
one run they found the third-order rate constant, after
80 percert  of the initial nitric oxide had been oxidized,
to be four times the initial third-order rate constant.
They suggested the rate increase was due to the formation

of N203. Treacy and Daniels(32)

found that the apparent
order was initially 2.3 in nitric oxide and slightiy less
than 1 in oxygen at total pressures near 1 mm of mercury.
At higher pressures the reaction tended to third-order
kinetics. They also found an inecrease in the third-order
rate constant during any given run. The initial third-
order rate constant was approximately one-half that found
affer 25 percent of the initial nitriec oxide had been
oxidized. They reported essentially no effect on the

rate due to addition of glass beads, glass wool, or

nitrogen dioxide. A mechanism was postulated which



involwved NO3, NO-NO3,and Nzo5 as intermediates. All of
" the above investigations were carried out at total
pressures of approximately 1 to 50 mm of mercury.

Recently two papers have been added to the litera-
.fure on the oxidation of nitric oxide at low concentrations

(9)

and atmospheric pressure. Glasson and Tuesday , using
long path spect:ophotometry, studied the air oxidation of
nitric oxide between 2 and 50 p.p.m. They reported an
initial third-order rate constant that was comparable to
the initial rate constants obtained by previous investi-
gators at high concentrations. The addition of nitrogen
dioxide had no effect on the oxidation rate. Altshuller,
et. al.(z), using chemical techniques, studied the air
.oxidation of 3 p.p.m. of nitric oxide. They obtained a
value for the third-order rate constant which was approxi-
mately 200 percent of that reported by Glasson anleuesday.'

All investigators have reported a negative temper-
ature coefficient for the initial termolecular oxidation
of nitric oxide. Trotman~Dickenson(33) has correlated
the results of several investigators and obtained an

(23)

activation energy of -1.5 kcal/g.mole. Rice presented

a theoretical consideration of the possibility of a
"negative activation energy". Gershnowitz and Eyring(s),

using statistical techniques, calculated the rate constant

for the oxidation reaction assuming a three-body reaction.



Their method predicts the negative temperature dependence.

In summary, the following statements can be made
about the oxidation of nitric oxide:

l. Most studies have been carried out at total
pressures below 50 mm of mercury.

2. Nearly all investigators, which have studied the
oxidation reaction at total pressures below 50 mm of mercury,
have reported an initial termolecular reaction and a rate

4 2 2 -1

constant of appfoximately 1.4 x 107 2°g.mole “sec at 25°C.

(2, 9)

3. In the two studies carried out at low
concentrations of nitric oxide but at atmospheric pressure,
the initial termolecular rate constants differed by

200 percent.

4, Little Work(g' 32) has been done on the effect
of nitrogen dioxide on the initial oxidation rate.

5. A number of investigators have reported én
increase in the termolecular rate constant as the
reaction neared completion or as the initial partial
pressure of nitric oxide was lowered.

6. Several mechanisms have been proposed'which
involve at least one of the intermediates NO., (NO)2,

3

0 or N,O

273’ 275"
7. All investigators have reported the initial

NO3'NO, N

termolecular rate constant in the absence of nitrogen
dioxide to possess a small negative temperature coefficient.

A temperature range from 140°K to 650°K_has been studied.



In consideration of the inconsistencies in the

" reported rate and mechanism for the oxidation reaction
at low concentrations, a study of the air oxidation of
nitric oxide in fhe parts-per-million range was carried
out. The initial concentration of nitric oxide was
varied from 2.to 75 p.p.m., and the oxygen conéentration
ranged from 3 x 104 p.p.m. to 25 x lO4 p.p-m. A system
pressure of approximately one atmosphere was maintained.
The effect of nitrogen dioxide on the initial rate was
studied, and the change in the initial rate constant in
the absence of nitrogen dioxide over the ambient temper-
ature rangé of 17 to 37°C was measured. A mechanism and

rate equation have been proposed.



II. NITROGEN OXIDES AND THEIR EQUILIBRIUM

IN THE GAS PHASE

Before one begins to study Lhe rate and mechanism
of a gas phase reaction, the possible compounds that may
exist in the solution and their approximate compositions
éhould be postulated. This information is of great
importance for two reasons. (1) The analytical technique
should be suitable for the analysis of all compounds which
are in measurable gquantities. (2) It is of interest to
know what compounds are in the solution and may be
involved in the reaction mechanism. A literature survey
was carried out to determine the nitrogen oxides which
have been observed in the gas phase at room temperature
and atmospheric pressure. NO, NO

NO N,O0, N,O N

2’ 37" 72 273
and N205 are known to exist at these conditions.

274’

The calculation of the equilibrium composition of a
gas mixture is a relatiVely straightforward procedure(6).
One must postulate the number of species, N, which are
present in the system at equilibrium. The minimum number
of substances, ¢, which must be available initially in
order to make up the equilibrium mixture must be
determined. For the system in question N and ¢ are equal
to 8 and 2, respectively. N is the total number of

nitrogen oxides plus oxygen and the two compounds required

‘to make up this equilibrium system are nitric oxide and



oxygen. Therefore, the minimum number of chemical
“equations, M, which are sufficient to represent the
stoichiometry of the system is N - ¢ or 6. The following
six reactions can be considered as the independent

stoichiometric chemical equations for this system.

2NO + O, & 2NO, (1)
2NO, + O, = 2NO, (2)
4NO, ¥ 2N,0, + O, (3)
2NO, ¥ N,0, (4)
4NO, + O, ¥ 21\1205 (5)

4N02 = 2N20 + 302 (6)

By assuming ideal gas behavior and a standard state
fugacity for the pure component at the system temperature

as one atmosphere, the following eqguation results:
- AF = RT 4in Kp (7)

Considering the stoichiometry of the six chemical
'equations as well as relation 7, the equilibrium composi-
tion was determined. Free energy data(l' 13’25), which
have been published in the literature, were used in the

calculation. If an initial gas mixture at 25°C and 1

atmosphere pressure contains 0.2 atmosphere of oxygen,
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0.8 atmosphere of nitrogen, and 0.000050 atmosphere or
'50.p.p.m. of nitric oxide, at equilibrium the nitric oxide
is almost gquantitatively converted to nitrogen dioxide.
The concentrations of the various oxides of nitrogen at
equilibrium were found to be the following: NO, lo;4p.p.m.:

-10

' -2
NO, , 50 p.p.m.; NO,, 10 p.p.m.; NZO,lO p-p-M.; NZOB'

10~/ p.p.m.; N,0,, 1072 p.p.m.; and N,O., 107° p-p.m.

The really important fact, though, is the concen-
tration of the nitrogen oxides during any given oxidation
run. This information can only be accurately obtained
after the mechanism is known; but, if the following
assumptions are made, a reasonable idea of the magnitude

of the concentration of the various nitrogen oxides during

any oxidation run can be obtained. (1) The only reaction
(19, 34)

4(10)

for the production of N203 is the rapid equilibrium

between NO and NO (2) N02 is in rapi equilibrium

5°
with N2O4 and is the only reaction for the production of
N204. With these two assumptions, it can be shown that
during any given test the concentrations of N204 or N203
would never be greater than 0.5 percent of the initial
nitric oxide concentration. A prediction of the concen-
trations of NO3, Nzo, and N205 can not accurately be made;
however, no previous investigator has reported the concen-

trations to be sizable in relation to the concentrations

of NO, Noz, or N204. Therefore, the reaction can be
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followed by monitoring the concentrations of NO or N02

" and calculating the other from stoichiometry.
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ITI. EXPERIMENTAL METHOD

Gas analvsis

Three techniques were investigated for applicability
in analyzing the gas system. These were (1) chemical
analysis, (2) infrared analysis, and (3) gas chromatography.

The accepted chemical technique for the analysis of
nitrogen dioxide in p.p.m. concentrations is the method
developed by Saltzman (26). This technique is éensitive
to a few part-per-billion of nitrogen dioxide and is not
hindered by the presence of other nitrogen oxides. The
difficulty with using the method for studying the oxidation
of nitric oxide lies in the fact that 1 liter samples
are required. A sample of this quantity could only be
obtained in a flow reactor. Since the reaction times
were suspected to be of the order of hours, a flow reactor
which would supply 1 liter samples was not considered
applicable for the experimental study. Therefore, chemical
analysis was not used.

The second analytical technique that was investi-
gated involved the infrared analysis of the gaseous system
for nitric oxide and nitrogen dioxide. Nightingale(zo) has
Ppointed out that nitric oxide and nitrogen dioxide can be
analyzed in a gaseous mixture. The absorption bands do not
éompletely overlap. By continuously reading the absorption

of nitric oxide at 5.2 microns and nitrogen dioxide at 6.2
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microns, the cohcentration-time profile can be determined.
In 1961, at the time infrared analysis was being investi-
gated for its applicability in the analysis of p.p.m.
quantities of nitrogen dioxide, the detection limit for
nitrogen dioxide was 6 p.p.m. with a 10 meter cell. Since
the analysis of lower concentrations of nitrogen dioxide
was desired, infrared spectrophotometry was not used.

Gas chromatography was the third analytical
technique which was applicable. Through the use of an
electron-capture detector(l7), it appeared possible to
analyze for the oxides of nitrogen below 1 p.p.m. Because
of this high sensitivity with relatively simple equipment
and the ease of use of gas chromatography, that method

was used as the analytical technique in the oxidation

studies.

- Reactor

Two types of reactors were applicable, a constant-
volume batch reactor and a constant-flow stirred-tank
reactor. Because the latter required accurate metering
of low feed flow rates and instantaneous mixing of the
feed stream with the reactor composition, the constant-
volume batch reactor was selected for use.

In the experimental study of the air oxidation of
P.p.m. concentrations of nitric oxide the procedure was

as follows: (1) The appropriate gases, nitric oxide,
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nitrogeﬁ dioxide} nitrogen, and oxygen, were added to a
COﬁstant—volume batch reagtor. (2) samples of the reaction
mixture were analyzed for nitrogen dioxide as a function

- of time using the gas chromatograph described in Part II
of this thesis. (3) The initial concentrations of the
reactanté were varied for different oxidation tests.

(4) From the concentration-time data, the rate of the

oxidation reaction was obtained and a mechanism proposed.
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IV. EXPERIMENTAIL APPARATUS

A photograph of the entire experimental apparatus

is shown in Figure 1.

Reactor bavy

A bay was constructed to house the reactor and hold
tanks for the individual gases at a constant temperature.
'The enclosure was 1.5 £t by 2 ft by 5 £ft. The frame was
constructed of Unistrut. Fiberglass insulation, which had
a thickness of 3'inches, was placed upon all but one side
of the rectangular framework. An aluminum éanel was
attached to the Unistrut frame with Swenson locks. The
panel could be removed from the bay, and so the reactor
and hold tanks were easily accessible. Figure 2 is a
photograph of the reactor bay with the aluminum panel
removed showing the heater, temperature controller; fan,
reactor, and hold tanks.

Four hold tanks of 416 stainless steel, which had
a volume of approximately 4000 cc, were installed in the
reactor bay. Stainless steel tubing with an inside
diameter of 0.180 inch was used to connecﬁ these hold
tanks to the gas manifold. Two-millimeter, high=-vacuum
stopcocks were used in the manifold. The gases were
metered through this manifold and into the hold tanks or

reactor. A Duo-Seal vacuum pump was connected to the
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reactor and hola tanks for evacuation purposes. The
"pressure in the hold tanks and reactor was measured on a
mercury manometer or McLeod gauge. Figure 3 is a flow
diagram of the apparatus, excluding the chromatography
unit. All connecting tubing was of 304 stainless steel

or Pyrex glass. The stainless steel tubing was connected
to the glass tubing with 304 stainless steel sleeves and
adhered to the tubing by the use of Epoxy 220 (manufactured
by Hughes Associates, Excelsior, Minnesota). These
connections could be readily taken apart by heating with

a flame. Thus they were inexpensive, leak-tight, and easy
to construct or disassemble.

The reactor was a Pyrex vessel with an inside
diameter of 7 inches, a length of 16 inches, and a volume
of approximately 6000 cc. The reactor was evacuated from
the top through Pyrex tubing having an i.d. of 3 mﬁ. Gases
were added from the hold tanks through Pyrex capillary
tubing connected to the side of the reactor. Samples were
removed from the reactor.through a 3 mm stopcock placed on
the side of the reactor and 90° from the gas inlet. The
reactor, being situated in the bay, was cdmpletely shielded
from outside light. The reactor was shielded from the
heaters by a copper base upon which it was seated.

A sixteen liter, 316 stainless steel tank was used

as a standard tank. A mixture of approximately 50 p.p.m.
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of nitrogen diokide, 20 percent oxygen, and 80 percent
nitrogen was added to this tank. This mixture was used
each day to condition the chromatography column before

the oxidation run was begun.

Tenmperature measurement and control

Copper—constantan thermocouples were used for
temperature measurement. The junctions were silver
soldered. These thermocouples were calibrated in an oil
bath that has been described by Rinker(zz) . The actual
temperature of the oil bath was measured with a platinum
resistance thermometer furnished by Leeds and Northrup
that had been calibrated against a platinum resistance
thermometer certified by the National Bureau of Standards.
The resistance of the thermometer was measured by a
Rubicon Bridge (Minneapolis-Honeywell). The voltage of
the thermocouples was measured with a K-3 Leeds and
Northrup Potentiometer. A stilrred lce bath was used as the
cold junction. The calibration data were fitted to a
third-order polynomial by ordinary least-square techniques
and gave a standard deviation about the polynomial of
0.02%.

A centrifugal fan, with a diameter of six inches,
operating at 1750 r.p.m. was used to circulate the air in
the reactor bay. Temperature control was maintained by a

Fisher Thermoregulator placed 3 inches above the fan
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outlet. A 500 watt nichrome resistance heater placed at
-thé fén outlet was used for healing purposes for all tests
at 27OC.: When tests weré made at higher temperatures,two
660 watt Glocoil heaters (Eagle Electric Manufacturing Co.,
Long Island City, N.¥.) were placed 12 inches above the fan
outlet. When tests were made at 17°C, cooling was obtained
from a one-ton Westinghouse air conditioner, while temper-
ature control was maintained by the thermoregulator on the
500 watt nichrome resistance heater. A 10 KVA Stabiline
Voltage Regulator maintained a regulated voltage of

115 + 1 volt to all of the equipment used in this study.

Reaction gases

Commerical grade oxygen (purity of 99.5 percent) and
hi-purity dry nitrogen (purity of 99.995 percent) furnished
by Linde, were dried before use in the equipment. They
were dried by passage through a 4 ft length of 1/4 inch
i.d. copper tubing packed with 14/20 mesh 13X Molecular
Sieve and mounted in a dry ice-acetone bath.

Nitrogen dioxide was obtained from a mixture
furnished by Matheson containing nominally. 1500 p.p.m. of
nitrogen dioxide in nitrogen. Nitric oxide was also
obtained from a mixture furnished by Matheson containing
nominally 1000 p.p.m. of nitric oxide in nitrogen. The
impurities in these mixtures were less than 10 p.p.m.

water, 20 p.p.m. oxygen, and 20 p.p.m. hydrogeh.
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The recommended Matheson gas regulator was used on
the outlet of all gas cylinders. A mercury manometer or
a McLeod gauge was used to measure the pressure in the
hold tanks or reactor. A cathetometer was employed for

measuring the level of mercury in the manometer.

Ceneral

All equipment which contacted the nitrogen oxide
gases was of stainless steel or Pyrex glass. The reactor,
connecting lines, and four hold tanks were cleaned by
evacuation below 0.0l mm of mercury while heating with
heat lamps.

A timer manufactured by R. W. Cramer, Centerbrook,
Connecticut, was used for timing the reaction. Using this
timer, it was possible to read from 0 to 999.99 minutes
with an accuracy of + 0.0l minute.

Pyrex glass beads with a diameter of 3 mm were
used to vary the surface to volume ratio in the reactor.
The beads were cleaned by heating with a heat lamp while
in the reactor under a vacuum of 0.0l mm of mercury.

Apiezon N was used as a stopcoCk grease.
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V. EXPERIMENTAL PROCEDURE

The experimental study was designed such that all
data.which would be required to determine the order and
mechanism could be obtained in a minimum of tests. To
this goal, tests were made with initial concentrations of
2 to 75 p.p.m. of nitric oxide, 3 to 25 percent oxygen,
and varying initial quantities of nitrogen dioxide. 1In
order to determine the effect, if any, of the Pyrex
surface on the reaction, 3 mm Pyrex beads were added to
the reactor. By solving the differential equations
describing a simultaneous catalytic and homogeneous
reaction, it was found that diffusion from the glass beads
into the sampling area was not a limiting factor. A
discussion of the effect upon the reaction due to the

addition of glass beads is included as Appendix A.

Oxidation tests

The general laboratory procedure for any given weekb
was to carry out a calibration run for nitrogen dioxide
on Monday and oxidation runs on Tuesday through Friday.
The calibration runs are described in Par£ IT of this
thesis. In the oxidation runs the nitric oxide hold tank
was evacuated below 0.05 mm of mercury. The Matheson
mixture of nitric oxide and nitrogen and a quantity of

nitrogen was added to this tank. In the process the
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Matheson mixture was diluted to a concentration of nitric
‘oxide between 150 and 300 p.p.m., such that when it was
diluted approximately one-fifth in the reactor, the
concentration would be the desired initial concentration
éf nitric oxide. If tests were to be made with very low
initial concentrations of nitric oxide, the mixture in the
hold tank was diluted by partial evacuation and the
addition of nitrogen. The pressure in the hold tank was
read on the mercury manometer and McLeod gauge. A
cathetometer was used to read the mercury level. No
pressure change less than 5 cm of mercurvy was ever read
nor were more than three dilutions required. If an
initial éuantity of nitrogen dioxide was desired, the
mixture was made up the same way in the hold tank for
nitrogen dioxide.

Aftef these gas mixtures were prepared in the hold
tanks, the reaction mixture could be prepared. The
reactor was pumped to less than 0.05 mm of mercury.
Nitric oxide, nitrogen dibxide, and nitrogen were added
from the hold tanks to the reactor in such a way as to
obtain the desired initial quantities of ﬁitric oxide,
nitrogen dioxide, and nitrogen but leaving enough vacuum
so that when oxygen was added, the desired initial
concentration of oxygen would be obtained with a final

total pressure of one atmosphere. No praessure changes
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smaller than 5 cm of mercury were read with the
‘éathetometer for the addition of nitric oxide, nitrogen,

or nitrogen dioxide to the reactor. Therefore, the
maximum error in the initial concentration of nitric oxide
due TO manometer measurement errors was 4 percent if three
dilutions in the hold tank were required or 2 percent if
only one dilution was needed. On most of the runs only

one diluﬁion was used. The maximum error in the initial
conéentration of nitrogen dioxide due to manometer measure-

ment errors was 3 percent. The close agreement between the

calculated initial concentrations of nitrogen dioxide and

the measured initial concentrations of nitrogen dioxide
shown in Table 3 for Tests 27 and 28 indicates that errors
in sample make-up were indeed small. The maximum error
due to inaccuracies in manometer measurement was 1.5
percent of the initial oxygen concentration. |

Next, the chromatograph was prepared for the
oxidation run. The background current in the electron-
capture detector was measured. Several samples of a
mixture of 50 p.p.m. nitrogen dioxide, 20 percent oxygen,
and 80 percent nitrogen, were added to thé column from the
standard tank until reproducible results were cbtained.
Ten to twenty samples were required at five minute
intervals. During the last sample from the standard tank,

oxygen was added to the reactor and the timer started.
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The timer was bégun.at the end of the oxygen addition,
which required approximately twenty seconds. Samples
were then taken from the reactor every five minutes and
analyzed with the chromatograph. For runs lasting more
than four hours, the reaction mixture was analyzed for a
period of two to three hours at a time with prior
conditioning of the column by the standard tank mixture.
During the run lhermocouple measurements were made
approximately every thirty minutes. At the end of a
given test the background current in the electron-capture

detector and the reactor pressure were measured.

Mixing of initial reaction mixture

Before any oxidation tests were carried out, the
time required for the gas mixture to become homogeneous
after injection into the reactor was checked. A mixture
of nitrogen and oxygen was added to the reactor until the
pressure was 740 mm of mercury. The column was conditioned
with the standard tank mixture. The nitrogen dioxide-
nitrogen mixture contaihing 1627 p.p.m. of nitrogen
dioxide was added to the reactor, until the total pressure
was 760 mm of mercury, which gave a concentration of
nitrogen dioxide of approximately 50 p.p.m. Thirty
seconds after this addition, a sample was taken from the
reactor. Three more samples were taken from the reactor

at five minute intervals and analyzed. The peak height
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for niﬁrogen dioxide showed all four samples to contain
" the same concentration of nitrogen dioxide, i.e., within
the experimental error of 3.4 percent,which indicated
almost immediate mixing of the gases in the reactor as
well as acceptable conditioning of the column with the

gas mixture from the standard tank.

Analysis of laboratory data

Ideal gas behavior was assumed in the calculation
of.the concentration of the initial reaction mixture. A2n
error of less than 0.5 percent would be expected from the
assumption of ideal behavior for the gases at the
prevailing temperatures and pressures used in the
oxidation study.

The concentration of nitrogen dioxide was calculated
for each sample in the manner described in Part IT of this
thesis. An average background current, which never varied
more than 5 percent during any given oxidation run, was
used in the calculation.  An initial pressure and average .
temperature during the run was émployed in the calculation.
During any given test the pressure never decreased more
than 3 mm of mercury, and the temperature fluctuation was
less than 0.05°C.

The concentration of nitric oxide as a function of
time was obtained by subtraction of the concentration of

nitrogen dioxide from the initial concentration of nitric
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oxide. Plots of the concentration of nitric oxide as a
‘function of time were prepared on 20 inch graph paper.

The plots were smoothed by eye. Smoothed values of the
nitric oxide concentration were read from these plots at
even intervals of time. All concentration-~time data were
smoothed by eye for two reasons. (1) The first three or
four points were more scattered than the rest of the data
for any given test and thus had to be weighted accordingly.
(2) The change in concentration with time was desired for
the entire run, whereas laboratory data were not available
for each five minute period for every test.

A program for fitting any seven data points in a
two dimensional plane to a second-order polynomial by
linear least-squares was written for an IBM 7094 Computer.
For each test, the first seven smoothed data points were
fitted to the polynomial, and the derivative, dCNO/dt, was
obtained at each of the first four points. Stepwise, the
rest of the data for each test were fitted to the poly-
nomial, and the derivativé for the center point was
calculated until the last seven data points in the test
were fitted. The derivatives for the reméining three
data points were obtained with the polynomial fitted to
the last seven. After the derivatives were obtained,
they were smoothed by the same program and plotted as a func-

tion of the concentration of nitrogyen dioxide. From that
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plot the rate for the oxidation of nitric oxide ét Zero

" “concentration of nitrogen dioxide was determined.
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VI. DISCUSSION OF RESULTS

Reaction order

The order of the oxidation of nitric oxide was
.deterﬁined by measuring the initial rate of the reaction
in the absence.of nitrogen dioxide at different concen-
trations of nitrie oxide and oxygen. The results of these
studies are presented in Table 1. The concentration of

nitric oxide was varied from 2 to 75 p.p.m. and the

4 to 25 x lO4 p.p.m. The

oxygen concentration from 3 x 10
data in the absence of nitrogen dioxide at 26.5 + 0.5°¢C

(Tests 1 through 15, excluding 10) were fitted by a non-

linear least-squares technique(35) to the following
equation:
dc )
NO a b
(- = k(Cyo) ™ (Cy) (8)
dt o NO ° 02 o

The order with respect to nitric oxide, a, was found to
be 2.00 + 0.09 (0.09 is the 95 percent confidence limit
for a), and the order for oxygen was 0.97 + 0.1l1.

(3,4,5,11,18,21) found the reaction

Previous investigators
to be second order in nitric oxide and first order in
oxygen at higher concentrations of nitric oxide. Treacy

and Daniels(zg)

found an apparent order in nitric oxide
of 2.3 at lower pressures of nitric oxide which approached

2.0 at higher pressures. No such trend was found in the
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present study. 'Sinée the order found in this work was
"essentially the same as that obtained by other investi-
gators at higher concentrations of nitric oxide, a value
for the third-order rate constant was determined. The
value of the initial third-order rate constant, determined
by the same least-squares technique, was found to be
(1.297 + 0.051) x 10" 4%g.mole %sec™’ at 26.5°C. The

rate data are plotted in Figures 4 and 5. Figure 4 is a
plot of the oxidation rate in the absence of nitrogen
dioxide divided by the sguare of the concentration of
nitric oxide as a function of the oxygen concentration.
Shown in Figure5 is the oxidation rate divided by the
product of the concentration of nitric oxide and oxygen

as a function of the concentration of nitric oxide.. Both
graphs show the fit of the data in the absence of nitrogen
dioxide to the third-order rate expression. |

Other investigators, wifh the exception of Treacy

and Daniels(32) and Altshuller(z), have reported approxi-
mately the same value for the initial third-order rate

4 2 2 -1 (3)

constant in units of 10 4°g.mole “sec ~: Bodenstein'”’,

1.49 (25°C); Glasson and Tuesday(g), l.54 (23OC); Hasche

(11) (29)

and Patrick , 1.67 (27°C); sSmith , 1.2 (25°CQ);

Kornfeld and Klinger(l6), 1.4 (2lOC); Brown and Crist(s),

1.5 (250C). Treacy and Daniels(32) report a value for the

4 2 2

initial third-order rate constant of 0.75 x 10 £°g.mole

sec_l (25°C), while Altshuller, et. al.(z), report
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-1 (45°c). all investigators other

3.5 % 1O4£2g.mole—2sec
"than Altshuller, et. al., and Glasson and Tuesdai worked
at total pressures below 50 mm of mercury, while Glasson
and Tuesday and Altshuller studied the oxidation reaction
at low concentrations of nitric oxide but at a total
pressure of one atmosphere. Nitrogen was used as the
diluent. The present study would support the findings of
Glasson and Tuesday with respect to the initial third-
order rate constant. A possible reason for the high value
reported by Altshuller et. al., may be that some nitrogen
dioxide was initially present.

Three millimeter Pyrex glass beads were added to
the reactor in Tests 22 through 28. There were no notice-
able surface effects. A discussion of the effect of the
addition of glass beads to the non-stirred batch reactor
is included in Appendix A. |

The effect of the addition of nitrogen dioxide to
the reaction mixture was to cause an increase in the
oxidation rate. The reas.on for the increased oxidation
rate when nitrogen dioxidé was present is discussed in
more detail in the next section.

The influence of temperature was slight which is
in agreement with all previous investigators. The initial
third-order rate constant.in the absence of nitrogen
dioxide over the ambient temperature region of 17 to 37°%¢

was nearly constant. In order to evaluate a meaningful
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temperature coefficient,»the temperature interval would

have to be nearly 200°c.

Reaction mechanism

There are three areas that should be investigated in
any kinetic study. They are the stoichiometry, order, and
mechanism of the reaction. In Section II considerable time
was spent in discussing the stoichiometry of the reaction.
It was found that of the nitrogen oxides which have been:
found to exist in the gas phase at room temperature, i.e.,
NO, NO NO

N2O, N203, N204, and NZOS’ the only compounds

2 3’
that would be in appreciable quantities during the oxidation
reaction or at equilibrium were nitric oxide and nitrogen
dioxide. In the previous section, it was shown that the
initial rate for the oxidation of nitric oxide when no
nitrogen dioxide was present was second order in nitric
oxide and first order in oxygen with a slightly negative
temperature coefficient. The presence of nitrogen dioxide
increased the initial rate for the oxidation of nitric
oxide. Therefore, the reaction schemes which were
conesidered acceptable were those which met the following
restrictions:

1. All reaction schemes had to make use of only the

N,O, N,O NO., .

knpwn nitrogen oxides, i.e., NO, NOZ’ 2 205 3

N204, N205, or reaction intermediates for which a

reasonable structure could be postulated.

\
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2. The initial rate in the absence of nitrogen
dioxide had to be second order in nitric oxide

and first order in oxvgen with a rate constant
4

of (1.297 + 0.051) x 10%2%g.mole ?sec™?.
3. The initial rate had to be increased by the
addition of nitrogen dioxide.
4. The mechanism had to predict the oxidation
rate within the experimental error.
A large number of reaction schemes were tested for their
applicability in satisfying the above four restrictions.
The assumption that the concentration of Lrace inler-
~ mediates was essentially constant did not yield a rate
equation which satisfied the above restrictions. The
following reaction mechanism allowed the best prediction
of the experimentally determined'concentration—versgs—time
profile, satisfied the above four restrictions, and gave
rate constants comparable to those which have been

reported in the literature for reactions involving the

nitrogen oxides.

K9
2NO, %~ N,0, ' (9)
NO + 0, ilo NO, (10)
NO + Nozi}l N,0, (11)
N203 + 02 212 N205 (1l2)
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k13
N,0,—=>N0, + NO, (13)
kl4
NO + NO,—===2N0, (14)

Reactions 9 through 12 are assumed to be in rapid

equilibrium and steps 13 and 14 considered to proceed
at a measurable rate. The reverse reaction for Equation

13 is relatively unimportant since the reverse rate

constant, ki3, is approximately two orders of magnitude(lz)

smaller than kl4' Reactions 9 and 11 have been exten-

34)

sively studied (10, and are known to be in nearly

instantaneous equilibrium. Reaction 10 has been postulated

(9, 32)

by previous investigators of the oxidation of nitric

oxide, but no measurement of the forward or reverse rates

have been made. NO3 has been found to be the primary

intermediate in the decomposition of N205(12’l9'28’30)

and has been observed spectroscopically(ls).

The proposed reaction scheme gives the following
rate expression:

ac |
NO  _ 2
at 2%14%10 “no C02

T k3K 1K 9 Co CN02 C ) (15)

Rate equations for several reaction schemes were fitted
to the smoothed data for dCNO/dt for Tests 1 through 15
(excluding Test 10). Equation 15 gave the lowest standard

deviation, 1.32 x 10”1t g.moles 2 tsec™t, for dcg/dat.
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An F test on the ratio of the variances of the several
"rate equations showed that Equation 15 gave the best fit
to the experimental data. The rate equations were fitted
using the non-linear least-squares technique that has been
previously described. The two constants, 2k,,K and

14710
kl%llKlé' were found to be equal to (1.313 + 0.01l6)x lO4

J(i,zgf.mole"Zs.ec—l and (1.276 * 0.028) x 10422g.mole_2sec_l,
respectively.

Table 2 gives a comparison between the experimental
rate and the predicted rate for all tests at 26.5°C. There
was no effect on the rate of oxidation due to the different
surface to volume ratios. After integration of Equation‘ls,
the predicted nitric oxide concentration-versus-time
profile was obtained. Table 3 contains the predicted
concentration of nitric oxide and the experimental concen-
tration of nitric oxide as a function of time for éll
experimental tests. The same constants were used for the
six tests at 17 and 37°C. There seemed to be a slight
decrease in the rate for the oxidation of nitric oxide as
the temperature was increased, but over the ambient
temperature'raﬁge which was studied, theré was essentially
no effect. Figures 6 through 12 are plots showing the
experimental and predicted conéentrations of nitric oxide

as a function of time. With the exception of Tests 1 and

22, which are apparently bad experimental runs, the data
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agree Very well with the predicted theory. The standard

- deviation of the predicted concentration from the
‘experimental at 26.5°C was 1.6 p.p.m., which is approxi-
mately equal to the error of 1.3 p.p.m. in the analytical
method. Errors in the initial concentration of nitric
oxide during sample make-up of approximately 1 p.p.m.
~place the deviation of the predicted concentrations within

the experimental error.
Schott and Davidson(zs), who studied the decompo-
sition of nitrogen pentoxide, have suggested a value for

the activation energy for reaction 14 of 1.4 + 2.5 kcal/

g.mole. Use of free energy data for NO3(13) and NO(25)

gives a value for Ko at 26.5°C of 3.18 x 10—42/g.mole,

which yields an experimental value for kl4 of 2.06 x 1072

g.mole_lsec_l. The value for the steric factor, p, in the

simple collision theory expression can now be calculated,

—EO/RT

where kig =P Ze . When E_ =0 = E, +.%RT, p is

ct
equal to 0.45 x 10_4. When E ot = 1.4 kcal/g.mole, p is

equal to 7.7 x 10-4. For a reaction between one linear
and one non-linear molecule a value for p of lO-4 has been
both predicted by the transition state theory and founa
experimentally(7). It would seem, therefore, that the
activation energy for reaction 14 is small and positive,
i.e., between 0 and 1.4 kcal/g.mole. Schott and Davidson

have predicted a value of 6 x lOg;e,g.mole_lsec—l for
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reaction 14, while Johnston(l4) in studying the decompo-

sition of nitrogen pentoxide has suggested a value of

2 lOloﬁg.mole_lsec_l. Both values seem high since they
are very close to the collision number, Z, of 2.8 x 101%
g.moleﬂlsec_l and would thus require a relatively high

steric factor which has not been borne out by experiment
for this type of reaction or a negative activation energy.
A value for kl3 at 26.5°C and 760 mm of mercury

can be calculated from the experimental results and free

(1,13,25)

energy data for NO, NO and N,O The

2+ Ny03. 295+

calculated value for kl3 is.0.0062 sec-l. This value

compares with the experimental rate constants reported in

the literature for the decomposition of nitrogen pentoxide

(13)

by Hisatsune, Crawford, and Ogg and Smith and Daniel§3o)

at 25°C of 0.09 sec™l. A value of 0.14 sec ' has been
reported for ki, by Mills and gohnston1®) at 27°%c.

The overall results of this investigation of the
oxidation of nitric oxide at low concentrations agree
gquite well with previous investigators at higher concen-
trations but low total pressures. The initial order and
rate of the reaction, which has been discuésed gbove,

agree very well with previous work(2’5’9'll’l6’29). Only

(32)

Treacy and Daniels have reported results which did not

show an initial third-order behavior. Treacy and

(32)

Daniels suggested a mechanism involving two equili-

briumvsteps and the steady-state approximation for NO3,
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NO,-NO, and N,O.

A negative temperature coefficient for the reaction
rate has previously been explained either by a mechanism
involving a three-body collision or a mechanism with
either (NO)2 or N03 ae intermediates. In the latter
mechanism involving (NO)2 or NOB’ the intermediate is
assumed to be formed rapidly, while the rate determining
step is the reaction of the intermediate with either NO
or O2 to yield nitrogen dioxide. The resulting third-
order constant involves the product of the rate constant
for the rate determining step and the equilibrium constant
for the production of the intermediate. If the equilibrium
constant decreases more rapidly with temperature than the
increase in the rate constant, the product will decrease
with temperature. The mechanism of an intermediate
formation has been the predominant reaction schemevthat
has been suggested for the oxidation of nitric oxide.
Some(ll’21’27) have suggested the intermediate N203, but
have not formulated a mechanism.

Previous investigators(ll'32) have found the third-
order rate constant to increase as the reéction proceeded.

Oonly two(g‘ 32)

have studied the influence of the addition
of nitrogen dioxide on the initial rate. Both reported
essentially no effect. The reason some have not noticed

the increase in the oxidation rate due to nitrogen dioxide



37

addition is that k is pressure dependent. It decreases

13
" an order ot magnitude(lg)

in the range 760 to 10 mm of
mercury. Since most of ﬁhe work has been at a total
pressure below 50 mm of mercury, it is understandable
why the second term in Egqualion 15 was nol important.

The mechanism that has been proposed is compatible
with the data presented in the literature by most investi-
gators for the oxidation of nitric oxide. Morc data
should be obtained in order td substantiate two points in
the mechanism. The first point is to check the importance
of the reverse rate of the reaction shown in Equation 13.
An experiment in which the ratio of the concentration of
nitrogen dioxide to nitric oxide was of the order of ten
should be carried out. The second point of the mechanism
which requires more information is whether nitrogen
pentoxide actually forms and then decomposes or whéther
nitrogen dioxide and nitrogen trioxide are immediately
formed with no intermediate of nitrogen pentoxide. If
more experiments were carried out over a temperature range
of approximately SOOC, thé activation energy for k13 could
be measured and compared to the value of fhe activation
energy for the decomposition of nitrogen pentoxide in the
presence of nitric oxide that has been reported in the
literature(lg). If the concentrations of dinitrogen

trioxide and nitrogen pentoxide could be followed during

the oxidation run by using long-path infrared spectro-
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photométry(g), more information relative to the mechanism
of the reaction would be dbtained.
Another poiht that is of importance is the question
of the formation of ﬁitrogen dioxide and nitrogen trioxide
from nitric oxide, nitrogen dioxide, and oxygen. That

formation could be due to a three-body reaction(zz)

between
nitric oxide, nitrogen dioxide, and oxygen or via dinitro-
gen trioxide and nitrogen pentoxide as suggested in this
thesis. The latter path which involves bimolecular reac-
tions in contrast to the three-body reaction seems more
plausible, even though the oxidation of dinitrogen trioxide
to nitrogen pentoxide is a reaction involving a change in
the electronic multiplicity. The reason that the path
involving the oxidation of dinitrogen trioxide seems more
plausible is the following. The ratioc of the ternary and
binary collision frequencies in a gas at the conditions
used for the research reported in this thesis is approxi-
mately 10—3. Kll is equal to 12.44/g.mole. Therefore, the
rate of formation of nitrogen trioxide would be approxi-
mately 10,000 times greater via the route proposed in this
thesis in comparison to the three-body reaction. Of course
this 1is assuming that the activation energies and steric
factors are approximately the same. It would also seem
that if the formation of nitrogen trioxide was due to the
three-body collision, the steric factor would have to be
very small because of the difficulty of orienting the three
different molecules in an acceptable manner for reaction to

occur.
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VII. CONCLUSIONS

The following conc¢lusions can be drawn from the
results of this study:

1. The initial order and rate for the air oxidation
of nitric oxide below 75 p.p.m. at one atmosphere pressure,
in the absence of nitrogen dioxide, is the same as that
reported at higher concentrations of nitric oxide but
total pressures of 1 to 50 mm of mercury. At 26.5 * 0.5%
the order for nitric oxide is 2.00 + 0.09 and for oxygen
is 0.97 + 0.11. The third—ordef rate constant calculated

from initial rate data is (1.297 + 0.051) x 104,9,2g.mole_2

sec_l .

2. The addition of nitrogen dioxide increases the
rate of the oxidation of nitric oxide.

3. The initial third-order rate constant has a
small negative activation energy.

4. There are no measurable surface effects due to
the Pyrex surface.

5. A reaction mechanism is proposed which involves

four equilibrium steps and two rate-determining steps.

The six reactions are:

Kg
2NO, ¥ N,0, (9)
K
810
NO + O, ¥ NO, (10)
K
A1
NO + NO, #7~ N,0, (11)



' Kio
N,0, + 0, = N,0, (12)
N..O -Ei§>uo + NO (13)
205 2 3
k14
NO + NOB——*QNOZ (14)

6. The rate equation which results from this

reaction scheme is

at . -~ 2k14%50 € no Co2 + k13K11%52 o CN02 C02 (15)

The standard deviation of approximately 1000 experimental
data points in the range from 2 to 75 p.p.m. of nitric
oxide and 3 to 25 percent oxygen from the theoretical
rate equation, 15, is 1.6 p.p.m. of nitric oxide.

14710 13711712

were found to be (1.313 + 0.016) x 104.(?,2g.mole"2sec_l and

442 g.mole_zsec—l, respectively.

7. The values for 2k.,K.. and k..K,.K.. at 26.5°C

(L.276 + 0.028) x 10

Using free energy data, k14 was found to be equal to

2.06 x 104 g.mole"l sec™t with an activation energy of

0.7 + 0.7 kcal/g.mole. k13 was found to be equal to
0.0062 sec t.
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VIII. RECOMMENDATIONS

I£ would be of interest to study the oxidation of
small quantities of nitric oxide at atmospheric pressure
over a temperature range of 200°c. & study of this type
would give added information on the effect of temperature

on 2K, K4 and ky.K; K;,. Since the effect of temperature

on kl3 is known(lg'zg), more information would be obtained
relative to the mechanism proposed in this thesis.

Experiments should be carried out for the oxidation
of nitric oxide, when the ratio of the concentration of
nitrogen dioxide to nitric oxide is of the order of ten.
These experiments would vield information relative to the
reverse of the reaction shown in Equation 13.

From a mechanistic standpoint, it would be helpful
to follow the concentration of nitrogen pentoxide and
dinitrogen trioxide during the course of a study of the
air oxidation of nitric oxide at low concentrations.

More spectroscopic information on dinitrogen trioxide
would be required, though, as well as the use of long-
path infrared spectrophotometry<9).

In order to understand reactions which occur in the
atmosphere, the oxidation of nitric oxide at low concen-
trations should be studied in the presence of water vapor.

Very little data have been reported on the oxidation of

nitric oxide in the presence of water vapor.
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More studies on the photochemical reactions which
occur between nitrogen dioxide, water vapor, and hydro-
carbons should be carried out. Long-path infrared

spectrophotometry could be used for the analysis of a

reaction system of this type.
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X. NOMENCLATURE

c Concentration, g.moles/liter.
Eo ! Minimum relative kinetic energy between two
molecules for reaction to occur,lcal/g.mole.
AFO Standard state free energy change, cal/g.mole.
k Rate constant,'appropriate units.
Kp Equilibrium constant defined in terms of
partial pressures.

Steric factor. .

Gas constant, 1.987 cal/(g.mole)(OK).
S Pyrex surface area in reactor, cmz.
t Time, seconds.
T Temperature, °k.
v Reactor volume, cm3.
Z Collision number, liter/(g.mole) (sec).
Subscripts
N02 Refers to nitrogen dioxide
NO Refers to nitric oxide
O2 Refers fo oxygen
1,2,3... Refers to reactions 1,2,3....
o] In the absence of nitrogen dioxide.
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Table 3. Experimental and Predicted Nitric Oxide
Concentration as a Function of Time.

NOTE:

1. The predicted nitric oxide concentration was
evaluated from the integral of Equation 15.

2. The term "INITIAL NITRIC OXIDE CONCENTRATION"
refers to the total nitrogen oxides at zero
time, 1l.e., CNO + CNOZ'

3. In Tests 1 through 21, S/V was equal to 0.3l cm‘l.

4. In Tests 22 through 28, S/V was equal to 1.6 em L.

5. The concentrations of nitric oxide and nitrogen
dioxide at zero time for Tests 1 through 26
were ublailned by smoolhing the experimental
nitric oxide versus time plots back through
zero time. All other experimental data were
obtained from the chromatograph analysis and
initial concentrations of nitric oxide, nitrogen
dioxide, oxygen, and nitrogen.
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_TEST 1 _
NOV 5,

Table 3
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(contd.)

1964
. INITIAL NITRIC OXIDE CONCENTRATION=
INITIAL OXYGEN CONCENTRATION=
REACTOR PRESSURE=

_39.81
O. 5807E DS PPM
769.8 MM OF MERCUR _ et
REACTOR TEMPERATURE= 300.01 DEGREES KELVIN

PPM

TIME,MIN CNO EXPERIMENTAL,PPM CND PREDICTED,PPM i
0. 34,32 34,32
4,27 33.09 33.87
9.27 32.70. _.33.36 .
14429 32.24 32.85
_ 19.30 _31.68_ 32.35
24.3% 31.15 31.85
29.34% 30.41 31.37
34,37 29.80 30.89
39.39 .R9.06 30.41
4444 28.49 29.95
4946 21.8B2 29449
544,50 - 27.35 29.04
59.53 26.65 28.60
64.58 26.14 2B8.16
L 89.62 25+%4% 2773
i T4.64 24.19 27.31
; 83,67 23.93 . 26.56
; 88.71 23435 26.16
93.74 22.84 25.76
98.76 22.21 25.37
L 103.81 2i.89_ 2498
. 108986 21038 2‘9‘060 g
i 113.86 20-85 24022 N
| 118.87 20.25 23.86
_____LzaLso 19.8% 23049
, 128.94 19.35 23.14 !
} 133.96 18.93 22,78
; 138.99 18.48 2244
; 143.98 18.08. ————22e10 ]
% 149.02 17.91 21.76
: 154,04 17.41 21.43 ?
; 159.06 16.85 21.11
L _164.10 16.39 2079
§ 169.13 16.01 20.47
: 174.14 15.69 20.16
; 172.16 15.28 19.86
184.20 15.07 19.56
; 189.22 14.79 19.26 ‘
; 194.24 14.45 . 18.97
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Table 3 (contd. )

TIME , MIN CNO EXPERIMENTAL, PPM CNO PREDICTED, PPM
199.26 13.96 18,68
204431 1357 18.40
209.32 13,48 18,12
21%4034% 12.92 17.84
219.37 _ 12.91 17.57
224439 12.43 _ 17.32
372.19 8.83 11.07
: 3 7_7,,. 21 8 0,8:1.“.“ o Nl O 9 O__h__
| 382.25 8.51 10.73
é 387.28 : 8.17 10.57
| 392.31 Tob4 10.41
{ 397434 7228 10.26
| 402,37 6.329 10.10
L 407 44 ) Y-S . 9.95
i 412.47 6.59 9.80
L 417.50 639 9. 65
: 422,54 6210 9.51
L 427.58 5.94 9.36 o
| 432.62 5.87 9.22
: 437o 619 5},2,5_‘,_ 9»08
442.68 5.32 8.94
447,71 5.13 8.81
452.76 5013 8.68
457,18 4,91 855

PP

i
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Table 3 (contd.)

| _TEST. 2 - e
NOV 7, 1964
IL_INITIAL NITRIC OXIDE CONCENTRATION= 57.35 PPM
INITIAL DXYGEN CONCENTRATICON= 0.3243E 05 PPM
__REACTOR PRESSURE= 757.4 MM OF MERCURY B
REACTOR TEMPERATURE= 299,90 DEGREES KELVIN
TIME,MIN CNO EXPERIMENTAL,PPM CND PREDICTED, PPM
Oe 52465 52.65
6036 51443 51.85
L 11.33 50.99 51.24%
; 1634 S0.54 50.63
P 21.32 49,95 50.02
2632 49,38 49.43
31.33 48.70 48484
36033 48,18 48.26
41.34 47.74 47.68
46034 47.03 47.11
51.33 ' 46.33 45655
5634 45,77 46400
61.36 45.18 45045
66.35 44,65 44,91
! 71.33 43.65 . 44,38 _
i 76034 43,32 43.85
81.33 Y . 43,33
86.35 42.05 42.81
L 91.36 41.561 62.30
i 96.34% 41.02 41.80
101.33 39.52_ 41.31 o
. 106.35 369,99 40,82
o 111.34 39.29 . 40033
‘ 116.33 38.82 39.86
— 121.33 38,45 39.38
126.35 38.34% 38.91
_131.38_ 3729 . .. 38.45
136.35 36.99 38.00
o 141.33 36.85 . .37.55%
146.33 35,99 37..3
151.33 35.6% 36.68
156,37 35.14 36.23 l
__ 161.38 34,74 — 35,80 |
166.38 33.85% 35.37 X
__ 171.36 3%3.32 34.96
~ 176.38 33,20 34.54
181.37 32.63 34013
186.38 32.63 33.73

],a__*._,, 196.37 e 31.35 . . 32.94
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Table 3 (contd.)

TIME, MIN CNO EXPERIMENT:., PPM CNO PREDICTED, PPM

4 201.37 31.19 32.55 !
206239 30.62 _32.16 IR
211.38 30.32 31.78

e 21ba42 30.32 , 31.40
22138 20.67 31.04

L 226438 2925 . o o 30467 __

; 231.39 29.25 30.31

: 246.38 28.12 . 29.25

i 251.38 2784 28.90

| 256037 27.25 28.56 {

i memm e ae e e e — e == e e e e ke S i vt rmn b ¢ 0 wn ')‘



- [

! tesT 3

‘55

Table 3 (contd.)

NOV 10,

1964

INITIAL NITRIC OXIDE CONCENTRATION= 28.74 PPM

Hl

' INITIAL OXYGEN CONCENTRATION= 0.1048E 06 PPM
. REACTOR PRESSURE= 750.6 MM OF MERCURY.

REACTOR TEMPERATURE= 299.72 DEGREES KELVIN

i
:

| TIMEsMIN CNO EXPERIMENTAL,PPM CNO PREDICTED,PPM
f Oe 25.41 25.41.
| 65.37 24,61 24.80
; 11.38 24.24% 24.33
: 16.40 23.89 23.87
2143 23.44 23.42
26,47 23.03 22.97 ,
31.50 22,60 22.54% :
36052 22.18 22.11 {
41.56 21.75 21.69 ?
46.56 21.27 21.28
51.57 2085 20,88
560,60 20.4% 20.49
61.62 19.97 20.10
66.6% 19.62 19.72
Tle66 19.16 19.35.
76.70 18.73 18.98
81.72 18.31 18.63
86.74% 17.95 18,27
91.76 17.64% 793
96.76 17.05 17.59
_inl.81 16,76 17.26
106,83 16.24% 16.9%
111,87 16.08 16.62
116.89 15.63 16.30
121,91 15.28 16.00
126.96 14.93 15.70
132.00 14.57 _15.40
137.02 14.26 15.11 . )
14204 13.77 - 14,83
147.07 13.56 14.55
152.07 13,10 14.28
157.15 12.72 14.01
162.16 12.54 13.74%
167.18 12.22 13.49
] 240.28 9.86 10.24
: 245,32 9.44 10.05
; 250035 934 __ 9.86
; 255.36 8.88 9.68 :
i 260.38 874 .. 9.50 i




56

Table 3 (contd.)

TIME, MIN CNO EXPERIMENTAL, PPM CNO PREDICTED, PPM
i 265.41 © 8.51 9.32 '
‘ 270044 836 9.15 j
. - 275.46 : 8.07 , 8.98 {
; 280.50 8,07 8.81 i
. 285.52 , T.74 8.64 )
- 290.55 Totel _8.48 .
295.56 T7.27 8.32 i
_ 300.58 . 7-13 I - PO I A
305,60 : 677 8.02 :
310.61 \ 6.77 7.87
315.64 6.69 1.72
’ 320.68 6.61 7.58 |
: 325-69 ! 6023 ?043 i
L 330.71 . 6.23 7.30 o

335.73 . 5.98 7.6

o
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Table 3 (contd.)

INITIAL NITRIC OXIDE CONCENTYRATION= 77.12 PPM

REACTOR PRESSURE= 751.6 MM OF MERCURY

INITIAL OXYGEN CONCENTRATION= 0.1491E 06 PPM

REACTOR TEMPERATURE= 299.66 DEGREES KELVIN

TIME,MIN CNO EXPERIMENTAL,PPM CNO PREDICTED,PPM

0. $9.58 69.58
0.81 70.92 68.76
5.83 ’ 64012 63,90
10.84 59.70 59,40
15.87 _55.54% 55,21
20.88 51.80 51.34
i 25.90 48,40 _ 47.73
30.91 44,80 44,39
35,93 42,32 41,28
40.95 39,76 38.39
45.98 37.36 35.70
51.00 © 35,22 33,21
56.02 33.48 30.89
61.05 31.22 28.73
665,08 28.86 , 26073
71.09 ' 26.72 - 24.87
16012 2642 _ 23.13
81.14 25,12 21.53
86,17 23.32 20.03
91,17 2042 18.64
96.20 19.66 - 17.34 .
101.24 18.54% 16.13
L 106627 1754 ' 15.01
111.30 16.92 ’ 13.97
116432 15,12 13.00

9

121.34 13.82 ‘ 12.10 ' 4
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Table 3 (contd.)

NOV 12, 1964 -
| _INITIAL NITRIC OXIDE CONCENTRATION= 20.28 PPM
INITIAL OXYGEN CONCENTRATION= 0.1014E 06 PPM
__REACTOR _PRESSURE= 752.8 MM OF MERCURY_

REACTDﬁrTEMPERATURE= 299.39 DEGREES KELVIN

TIME,MI

N CNO EXPERIMENTAL,PPM

CND PREDICTED,PPM

0. 17.56 17.56
51.33 15.02 15.35
56035 15.02 15.15 ‘
61.40 14.92 14.95
66.40 14,82 14.76
71l.41 14.58 14.57
76.43 14.30 1438
8let4h 14.14 14,19
Eoe 46 13.98 14,00
91.48 13.89 13,82
96450 13.63 13.64
101.52 13.41 13,456
106452 13.24 13,29
~ 111.55 13.09 13.12
116,57 12.82 L 12,95
121.59 12,60 12.78
j 126.61 12047 12.61
| 131.65 12.38 12.45
136.65 12.14 12,29
141.66 11.87 12,13
146,67 11.74 11.97
151.69 11.56 11.81
156071 11,40 11.66
161.74% 11.27 11.51 ;
166.76 11,06 11.36 ;
171.80 16.78 11.21 i
176.80 10.58 _11.07
181.83 10.5% 10.92 ;
186.87 10.18 - 10.78 g
191.89 10.08 10.64 ;
196,93 10.05 10.50 |
360,77 7.55 6.87 g
L 365.79 7.23 5.78 ;
370.81 7.12 6.69
375.83 688 6.61
380.86 6.75 6.52
385.91 6246 644 :
390.92 6.34 6.36 :
| 395.93 5.99 6.27 '
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Tahle 3 (contd.)

TIME, MIN 'CNO EXPERIMENTAL, PPM CNO PREDICTED, PPM

[ 400.96 5.88 6.19 I
L 4D5.95 5.8 6.11 ;
410.98 ‘ 5.61 5.03
416,00 5062 o , 5.96
421.05 5.68 ‘ .88
- %£26.08 ’ 549 5,80
i 431.11 ’ 5.11 5.73
436,12 5.03 . 5.66
| 441.13 4,87 5.58 :
f 446416 ' 4,77 5.51 j
: 457,16 4,59 S5c44
e 456,20 ) 4,62 5.37
| 461024 4.31 5430
L 466.30 .43 5823
: 47130 4.37 5.16
; 476.31 4,22 5.10
481.34 4.32 5.03

e . . e [ |
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Table 3 (contd.)

| o T
__TEST 6 !

. NDV 135 1964 |
___INITIAL NITRIC OXIDE CONCENTRATION= 30.84 PPM |
% TINITIAL OXVGEN CONCENTRATION= 0.2016E 06 Piil *

i
b‘QC}\f‘TﬂD DDEQCHDE— F40_4A MM OF MERCLURY i

R U Rr d AN T VL DO W Py e O v W REESRALE 2]

"REACTOR TEMPERATURE= 300.27 DEGREES KELVIN
TIME,MIN CNO EXPERIMENTAL,PPM  CNO PREDICTED.PPM

0. 27.65 2765
| 6.28 ‘ 26.23 26.32

| 11.30 25.34 ' _25.31 o
16,31 24.5% 24%.3%

- 21.32 23.58 2324

| 26.34 22.71 22.51 ’

| 31.36 21.92 21.65
| 36.37 21.0% 20.82
| 41439 20.19 20.02
! 46441 19.45 19.26
. 5l.4% 18.74 18.52
é B56.40 18,10 17.82
61.49 17.34 17.13
66.50 16.61 1648

71.52 16010 _ 15.8%
76.5% 15.37 15025

: 8l.56 14.88 14,67 o
J 86.58 14.13 14,11
91.60 13.73 13.57
96.64 13.25 13.05
101.64 12,60 _ 12.506
106.66 12.37 12.08
111.68 11.72 11.62
115,70 11.31 11.18
121.71 10.90 10.76
126.75 10.56 10.35

131.75 9.96 . ___ __ %e%96 -
13679 9.88 . 9.58

141.80 9o b4 9.22

146.80 9,06 887
151.82 8.76 053
156.8% Ba41 8.21
161.86 B.14% 7.90
166.87 7.80 7.60
171.80 TJ.0% T.32
176.91 7.24 7.04

181,90 6081 677 _

186.93 6.70 6.52
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Table 3 (contd.)

NOV 17, 1964 N
INITIAL NITRIC OXIDE CONCENTRATION= 42,17 PPM
| INITIAL OXYGEN CONCENTRATION= 0.1244E 06 PPM
REACTOR PRESSURE= 751.,7 MM OF MERCURY - §
REACTOR TEMPERATURE= 300.25 DEGREES KELVIN
TIME,MIN CNO EXPERIMENTAL,PPM CNO PREDICTED, PPM
0. 38.08 38.08 '
0.94 37.24 37.8%
! 5.94 36.65 36.61
; 11.320 35.37 35.33
£ 16.31 34465 , 34.17
i 21.33 33.65 . 33.06
s‘ 26.35 32+59 31.98
31.35 31.72 30.94
36.36 3077 29.93
41036 29.85 28496
46437 28.94 28,02
51439 28.01 27.10
56.39 27.20 26.22
61.40 26.34 25.37
66242 25.48 24.55 |
71.42 24.85 23.75
76243 24.07 22.98
8l.44 23.46 22.24
86.46 22.61 21.52
91.52 21.80 20.81
96652 21,27 20.14
101.52 20.89 19.49
10654 19.80 i8.86 :
111.57 19.43 18.25 ;
116.56 18.87 17.66 |
121.59 18.50 17.09 ;
126062 17.76 _16.54 {
131.63 17.15 16.00 o
136,66 16.65 15,48 |
141.67 16.35 14.98 |
146470 1567 14450 |
151.71 15.28 14,03 !
156.73 14,81 . 13.58 ]
) 161.76 14.31 13.14% ’
; 166,79 13.82 12.72 :
2 171.79 13.44 12.31 |
& 176.80 12.84 11.91 !
' 181.82

12.05 11.53 }
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Table 3 (contd.)

NOV 18, 1964
- __INITIAL NITRIC OXIDE CONCENTRATION= 5.53 PPM

INITIAL OXYGEN CONCENTRATION= 0.1305E 06 PPM
___REACTOR PRESSURE= 755.6 MM OF MERCURY
REACTOR TEMPERATURE= 300.03 DEGREES KELVIN

~ TIME,MIN CNO EXPERIMENTAL,PPM  CNO PREDICTED,PPM

0. 416 4e 76
267.18 3+48 T2
272,20 3.48 o 3e70._
2TT.20 3.49 ' 3.69
e 719.40 2.01 . 2,46
1349.18 0.96 1.39
135%.1 ¢ 1.09 1.38
1581.33 0.72 1.12
1586.33 0.81 1.12
T 1830.15 0.57 0.90
. 1835.17 0.57 _0.89 S
2180.54% 0.83 0.65




TEST 9

Table 3 (contd.)

63

NOV 20, 1964

INITIAL NITRIC OXIDE CONCENTRATION= 52.99 PPM

INITIAL DXYGEN CONCENTRATION= 0.1l023E 06 PPM

_REACYTOR PRESSURE= ¥70.4 MM OF MERCURY

REACTOR TEMPERATURE= 300.00 DEGREES KELVIN

TIME,MIN CNO EXPERIMENTAL,PPM CNO PREDICTED,PPM
0, 49.62 49.62
0.42 48.97 49.47
5.43 47.54 47.71
10.44% 45.62 46.02
15.46 46,47 44,38
20.48 42.53 42.80
‘ 25,50 4136 41.28
; 35.50 38.18 38.42
% _40.52 36.90 37.06 o
| 45,54 35.53 35.75
50,55 34029 3449
55.56 33,10 33.27
60.60 31.98 32.09
65.62 30.76 30.95
70.61 29.69 29.87
75.62 28.83 28.82
3 80,65 2759 27.80
; 85.65 27.04 26.83
| 90.66 25.79 25.88
i 95.67 25.19 24.98
| 100.67 24.84 24010
! 105.67 23.93 23.26 :
1 110.68 22.99 22.44 :
115.71 22.29 21.65 :
120.72 21,49 20.89
125.73 20.89 20.16 |
130.74 26019 19.45 !
135.75 19.39 18.77 §
140,76 19.10 18,12 "
145.78 18.23 17.48
150.80 17.79 16487




. TEST 10
NOV 24, 1964
INITIAL NITRIC OXIDE CONCENTRATION= 2.21 PPM

i
q

64

Table 3 {(contd.)

———— =

TIME,MIN
0.

CNO EXPERIMENTAL;PPM

2.00

e e e e LW e A e g e e e e 1 —a—e

INITIAL OXYGEN CONCENTRATION= 0.1237E 06 PPM
_REACTOR_PRESSURE=_ 755.7 MM OF MERCURY

REACTOR TEMPERATURE= 299,55 DEGREES KELVIN

" CNO PREDICTED,PPM

2.00

719.35
1430.84

l.14
0.62 _

1746.52

i.55
121 _

0.63
..0.28

2823.11

1.09

0.75 _
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Table 3 (contd.)

___JEST 11
NOV 27, 1964
INTTIAL NITRIC OXIDE CONCENTRATION= 44,91 PPM
INITIAL OXYGEN CONCENTRATION= 0.2503E 06 PPM
__ REACTOR PRESSURE= 754.2 MM _DOF MERCURY.

REACTOR TEMPERATURE= 299.49 DEGREES KELVIN

TIME,MIN CNC EXPERIMENTAL,PPM CNO PREDICTED,PPM

0. 40,83 50.83
| 1.02 - 40,19 © 40.23 \
: 6600 37.79 37.45
é 11.02 - 35.35 ' 34,85
s 16,03 33.01 32.43
f 21.04% 30.94% , 30.19
| 26.05 29.14 28.10
: 3}.006 279‘:"0 260 3.6
36.08 25.95 , 24,35
£1.09 24441 22.55
46,11 23.24 21.11
51.12 21,93 19.66
56,13 20.76 18.31
6lels 19.98 17.05
66.15 19.05 _15.88
71.16 18.30 14.79
76.17 . 17.48 13.78
81.19 16.81 12.84
86.21 16.06 11.96

91.22 15.24 1l.14
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Table 3 (contd.)

1

~ TEST 12
DEC 1, 19484
INITIAlL NITRIC OXIDE CONCENTRATION= 15,16 PPM

INITIAL OXYGEN CONCENTRATION= 0.8321E 05 PPM
__ REACTOR PRESSURE= T749.9 MM OF MERCURY

REACTOR TEMPERATURE= 299.24 DEGREES KELVIN

TIMEGMIN CNO EXPERIMENTAL,PPM  CNO PREDICTED,PPM

D. 13.24 13.24
93.93 : 10.85 _ 11.40
98.9% 10.76 11.31
128.96 9.90 10.78
133.99 9.92 10.69
163.97 9,29 10.19
168.99 9.27 10.11
198,99 8,47 9.6%
. 229,06 7.71 9,19
1 407.37 5.90 6.93
412,38 5.88 6.88
! 417.39 5.82 6.82
; 422,40 5.83 677
A 427.40 5.65 6.72
% 432.42 5.59 6,66
437.79 5253 6061
: 442,78 5856 »55
| 447,80 5.48 6. 350
: 452.80 5.39 6.45
‘ 457.81 5.37 . 6.40
462.82 5.37 _ 5235 e
467.83 5.26 £.30
472.84% 5.22 6.25
477.85 5.15 6.20
482.87 5.71 b.15
487.90 5.09 6,10

492.91 5.07 6.06
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Table 3 (contd.)

o
g

TEST 13

DEC 2, 1964

INITIAL NITRIC OXIDE CONCENTRATION= 25.57 PPM

- INITIAL OXYGEN CONCENTRATION=
REACTOR PRESSURE= T748.7 MM OF MERCURY.

REACTOR TEMPERATURE= 299.34 DEGREES KELVIN

0.1815€E 06 PPM

—

CNO PREDICTED, PPM

TIME;MIN CNO EXPERIMENTAL,PPM
C. 23.05 23.05
B.82 21.35 21.89
13.84 21.21 21. 25
18.86 20.61 20.64
23.87 20410 20,04
28.88 19.48 19.47
33.90 18.98 18.90
38.91 18.45 18436
43,92 17.88 17.83
48.93 17.35 17.32
53.9% 16.76 16.82 |
58,95 16.37 16.33 |
63.97 15.88 15086 i
68.99 15.37 15.41 ’
73.99 1s.01 14,97
78.99 14.53 14.5%
84,00 14,12 1412
- 89.03 13.68 13.71
9%, 0% 1325 13.32
99,05 13.04 12.9%
104.06 12.69 12.57
109.08 12.36 12.21
114,10 11.98 11.86
119.12 11.60 11.52
124,13 11.57 11.19
129.14% 10.98 1087
134,16 10062 _ 10.56
139.17 10.35 1 10.26
144,18 10.08 9.96
149.20 9.73 9.68
154,21 Golts 9,40
159,22 9.30 9. 14
_ 164.23 9.00 8.87_
169.24 B.66 B8.62
17425 8.50 8038
179.26 8.31 814
184.27 8.20 7.91
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Table 3 (contd.)

!

_JESY 14
DEC 4, 1964
INITIAL NITRIC OXIDE CONCENTRATION= 10.68 PPM

INITIAL OXYGEN CONCENTRATION= 0.1304E 06 PPN
_REACTOR_PRESSURE= T754.6 MM OF MFRCURY

REACTOR TEMPERATURE= 299.22 DEGREES KELVIN

TIME,MIN - CNO EXPERIMENTAL,PPM  CNO PREDICTED,PPM

0o 9.93 9.93
263.55 6ak2 . 6221
298.53 5.98 5.8%4
303.53 5.95 5.79
308.54% ' 605 5. 73
313,55 5.95 5. 68
31B.57 6.00 5.63
323.58 5.89 5.58
524,07 4.0% 3092
529.08 4,00 3.88
534,08 4,10 3.65
539.C9 3.98 3.82
544,11 4,02 3.78
549,12 3.98 3.75
554,13 3.96 3.72
559.15 3.88 3.68 -
564.1% 3.87 3.65
569.16 3.82 3.562
57416 3.82 3.59
579,17 3.78 ' 3.56
584.17 3.84 3.52
589.17 3.72 3.49

594,18 3.68 3.46
599.19 3.73 3.43
604419 3.71 3.40

, 60%9.20 ‘ 3.65 3.37

J 614,21 3.56 . : __3.3%
619.20 3.56  3.31

i $24.22 3.57 3.29
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TEST 15
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Table 3 (contd.)

DEC 7, 1964

INITIAL MITRIC OXIDE CONCENTRATION= 36.91 PPM

INITIAL OXYGEN CONCENTRATION=

_REACTOR PRESSURE= 754.0 MM OF MERCURY

REACTOR TEMPERATURE= 299.69 DEGREES KELVIN

0.2202E 06 PPM

~

TIME,MIN CND EXPERIMENTAL,PPM CNO PREDICTED,PPM

0. 34,08 34,08
0.82 33.45 33.79

5,82 31.70 32.08 -
10.82 31.20 30.46
15.83 29.65 28092
20.83 27.48 27. 46
25.82 26014 26,08
30.83 25.01 24076
35.8% 23.80 23.51
40.84% 22.81 22.33

45.84% 21,81 e 21.2Y .
50.84 21.11 20.15
55,85 20.12 19.14
50.86 19.38 18.18

65,86 18,60 17.27 .
70.86 17.92 1640
75.88 17.32 15.58
80.88 . 16.62 14.80
85.89 15.83 14,06
90,91 15.39 13.36
95,93 14.73 - 12.69
100.92 14.39 12.06
105,93 13.93 11.45
110.93 13.55 10.88
115.94% 13,22 10.34%
120.94 12.54 9.83
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Table 3 (contd.)

t

. YEST 16

DEC 11,
INITIAL

1964

NITRIC OXIDE CONCENTRAYION= 27.45 PPM

INITIAL
_REACTOR

PRESSURE= 759.0 MM OF MERCURY

OXYGEN CONCENTRATION= 0.1486E 06 PPM

REACTOR TEMPERATURE= 290.56 DEGREES KELVIN
TIME,MIN CNO EXPERIMENTAL,PPM CNO PREDICTEDyPPM z
0. 2539 25039 !
20.65 22.50 22.61 |
25.65 21.98 21.98 B |
30.66 21.07 21.37 |
35.66 20.55 20.78
40.68 20.12 20.21
45.68 19.47 19,65
50,68 19.00 19.11
55,66 18.67 18.58
60.65 18,08 18.07
65.63 17.40 17.58
70.62 17.18 17.10
75.61 16.89 16.63
80.62 1642 16.17 ;
85,62 15.66 15.72 |
90.62 15,42 15.29
- 95,62 15.02 14.87 :
100.62° 14.37 14.46 ]
105:,61 14.27 X.EQOT
110.60 14,06 13.68 E
115.62 13.79 13.2:
120.60 1347 12.94 g
125.60 13.40 12.59 !
130,59 12.98 12.25 '
135,59 12.84% 11.91
140,59 12.035 11.58 ;
145.59 11.89 o AY.27
150.58 11.76 10,96
_155.58 11.55 10.66
160.60 11.03 10.37 ;
165,40 11.06 10.09 |
170.60 10.26 9.81 ;
_ - 175.60 10.38 9.54%
180.60 10.23 9.28



TEST 17
BEC 10,

INITIAL NITRIC OUXIDE CONCENTRATION= 41.94 PPM

71

Table 3 (contd.)

1964

INIVIAL

__REACYOR PRESSURE= 759.5 MM (OF MERCURY
REACTOR TEMPERATURE= 290.3% DEGREES KELVIN

OXYGEN CONCENTRATION= 0.9620E 05 PPi1

TIME,MIN  CNO EXPERIMENTAL,PPM  CNO PREDICTED,PPM

0o ' 3960 59260
0.72 39.30 39,2
5.73 38.5% 38.35_
10.73 3720 37.3

15.74% 36.39 36027

20.75 35.50 35027

25.7% 34.91 34,321

50.75 34017 33.36

32273 23.60 32045

40.75 37.88 31.5A

45«76 32,06 30.70

50.76 30486 29.86

55.76 30.62 2904

60.76 29.72 28.24

65.76 28.88 27047
70.78 28.37 26.72

75076 27034 25.99

90.75 25.14 23.93

95.76 24226 23.27

100.72 23.63 22.64

105,72 23,69 22403

110.75 23.13 21443

115.72 22.36 20.85

120.72 21.43 20.28
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Table 3 (contd.)

' S - —, X 3 —

_TEST._ 18
v DEC 12, 1964
INITIAL NITRIC OXIDE CONCENTRATION= 39,30 PPM
INITIAL OXYGEN CONCENTRATION= D0.9971E 05 pPPM
_REACTOR PRESSURE= 755.2 MM OF MERCURY
REACTDR TEMPERATURE= 290.48 DEGREES KELVIN

TIME,MIN CNO EXPERIMENTAL,PPM  CNO PREDICTED,PPM

0. 37.14 37.14
4,17 - 36.07 36432
9.17 35.11 35,36
19.17 32.34 33.52
24416 31.73 32.64
29417 31.04 31.78
34016 30.21 30.9%
39.17 29.48 30.13
44,17 28.4% 29.33
49.16 27.44 28.57
54,17 26.89 27.81
59.16 26014 27.08
64215 25.54 26.38
69.15 24084 25.68
74,15 24,18 25.01
79.15 23.49 24.36
84415 23.04 . 23.72
89.17 22.05 23.09
94,17 21.66 22,49
99.17 21.24 21.90 | ,
104.18 20.61 2i.33
- 109.18 20.31 20.77
114,20 19.81 20.23

119.20 19.33 — 19.70




TEST 19
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Table 3 (COﬂtd.)

E——_—

DEC 16y 1964
INTTIAL NITRIC OXIDE CCONCENTRATION= 42.51 PPM

INITIAL OXYGEN CONCENTRATION=
REACTOR _PRESSURE= 752.2 MM OF MERCURY

REACTOR TEMPERATURE= 310.69 DEGREES KELVIN

0.1888¢

0d PPM

TIMELMIN CNO EXPERIMENTAL,PPM CNO PREDICTED.PPM

Oe 38.1 17 38,17
lobs 3717 37.65
6 oﬁf? 3 o —f @ 09 3 ﬁig”g 0
11.43 34,95 344,24
16243 33.71 32,65
26.42 31.29 29.70
31043 30021 28.32
36.43 29.36 27.02
£1.42 28.15 25.77
hba%3 27.31 2458
51e42 26.52 23.45
56042 25.43 22.37
61.42 24,76 21.3%
66042 24.09 20.36

71.43 23.26 19.42 o
T6.43 22.58 18.53
81.43 21.92 17.68
86043 21.35 16.87
9143 20.95 16,10
S6e43 20.21 15.36

101.42 19.82 14,66 .
106.43 19.14 13.98
'111.43 18.87 13.34
116043 '18.26 12.73
121.43 17.86 12.15
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Table 3 (contd.)

L TEST 20 S L S
DEC 17, 1964
INIVIAL NITRIC OXIDE CONCENTRATION= 41.59 PPM
INITIAL OXYGEN CONCENTRATION= 0.1009E 06 PPM

|__REACTOR PRESSURE= 752.0 MM OF MERCURY S

REACTOR TEMPERATURE= 310.79 DEGREES KELVIN

TIME,MIN CNQO EXPERIMENTAL,PPM CNO PREDICTEDyPPM

: O» 3742 - 37.42
E 1.67 - 36.69 37.11
! 6.67 36,57 36.20 -
11,66 35.88 ' 35,32
_ 16.60% 35.27 3445
21.686 34.54 33.61
i . 26,0606 33,92 2279
i 31.66 33.28 31.99
? 36.66 . 32.61 31.21
; 41.65 31.95 30045
E 46.66 31.33 29,70
51.66 30.56 28.98
; 56.67 30,00 28.27
| 61.66 29.41 27.58
@ 660,66 28.74 26,9
T1.66 28.3% 26.25
@ 716.66 2760 25.62
; 8l.66 27.33 25000
‘ B6.67 27.20 24439
! 91.67 26.57 23.80
96.66 , 26034 23,22 o
101.66 25.57 22.66
106,66 25.27 22,11
111.67 , 24,89 21467
116.67 24037 21.05
121.67 23.83 20.54%
126,67 23.58 o 20,04
131.67 23.07 19.55
136.67 22+69 19.08
141.67 22.35 18.62
146.66 21.98 18.17
‘ 151.66 2152 " 17.73
156466 21.27 17.30
: 161.66 20.89 16.88
166.656 2059 15,47
171.66 20.21 16.08
176.66 19.93 15069
181l.006 19.92 15.31
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Table 3 (contd.)

__TEST 21
DEC 18, 1964 _
INITIAL NITRIC OXIDE CONCENTRATION= 31.30 PPM
INITIAL UXYGEN CONCENTRATION= 0.1467F 06 PPM '

__REACTOR PRESSURE= 757.2 MM OF MERCURY N
REACTOR TEMPERATURE= 310.69 DEGREES KELVIN

TIME,MIN CNO EXPERIMENTAL,PPM 'CNO PREDICTED,PPM

0. 2749 2749
1.63 ‘ 2715 2724
662 26.81 26,51
il.62 260,31 25.79
16.62 25078 25,09
2is62 25.26 2%2%1
26.62 2%.63 23.75
31.62 24,22 23011
36,062 23:65 22.48_
41.62 23.16 21.87
46 a_;{lz 22 9,5_ 8__ A,_&Z ie 2 8_
51.62 22.12 20.71
56062 21.606 20.15
6i.62 21.2% 19.61
66,62 2081 Yie.6n
71,62 2629 18.54
76,61 19-89 18.06
81l.61 19.40 17.58
86.61 1914 17.10
9l.51 15.69 16.6%
860061 18028 16,20 —
101.61 18.10 15,76
10660 17.63 15.24
111.60 17.26° 14,93
116.081 1697 146,55
121.60 16.64 14.14
126,61 16t _ _13.786
131,61 16.12 13.39
136.61 15.78_ 13.03__ i
141.61 15.63 12.68
146.61 15.46 1234

151.61 14.04 12.01
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Table 3 (contd.)

' TEST 22
DEC 31, 1964
INITIAL NITRIC OXIDE CONCENTRAYION= 32.70 PPM
INITIAL DXYGEN CONCENTRATION= 0.1973E 06 PPM
_REACTDOR PRESSURE= 754.0 MM OF MERCURY . |
REACTOR TEMPERATURE= 300.05 DEGREES KELVIN !

TIME;MIN CNO EXPERIMENTAL,PPM  CNO PREDICTED,PPM

0. . 25282 25.82
15.08 23.16 22.06
240017 2254 21.18
| 29.07 21.82 20.32
? 34,07 21.20 19.51
| 39.07 20.44 18.72 ]
; 44,07 19,79 17.97
% 49,08 19.10 i7.25
; 54.08 18.48_ 16.56
i 59,08 17.90 15.89
: 64:@,8 17e1{5'2 150 z25
| 59,09 : 16.99 14.64
] 74,09 16047 14,06
j 79.09 15.95 13.49
84,09 15.49 12,95
89.09 14.94% 12.44
94.09 14.54 11.54
99,09 14.29 11.46
104,08 14.00 17.01
109.09 13.60 18.57
114.09.. 13.30 W0 Vs
119,09 12,83 9« T4
124.09 12.79 935
129.08 12.54 8.98 é
134,10 12,20 8.62 . |
E 139.10 11.89 8.28
. 345,30 11e82 . .95

149..0 ‘ 11.59 T.63
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Table 3 (contd.)

TEST 23
. JAN 6, 1985 _
INITIAL NITRIC OXIDE CONCENTRATION= 40.4S PPM

INITIAL OXYGEN CONCENTRATION= 0.4971F 05 PPM
_REACTOR PRESSURE= 754.4 MM OF MERCURY.

- REACTOR TEMPERATURE= 299.93 DEGREES KELVIN

TIMESMIN CNO EXPERIMENTAL,PPM CNO PREDICTED,PPM

0. 36027 36027

| 26.49 33,76 33,88 j

f 31.51 33.47 33.45
36451 33,06 33.02
41.51 32.69 32,60
46251 32028 3219
5152 31.77 31.78
56.55 11647 31.37
6155 30.96 . 30.97_
66,55 30.59 30.57
71.55 30.30 30.19
76.57 29.77 29.80
8lo57 29.42 29.4%2
86,57 . 29.07 29.05

91.59 _28.71 . 2B.88
96.59 28.17 28.31
101.59 27.96 27.95
106462 2740 27.60
111.62 2737 27.24%
116.66 26,99 26.90
o 12Ye87 . 28,86 26.55
. 126,68 26,29 26,22
e 131.69 25.92. __25.38
136.68 25.5% 25.56
14168 2529 25.23
146.68 24,94 24291
151.68 24.54% 24,60
156,69 24030 24.28
161,69 23:96 23.98
166.69 23.70 23.67
171.69 23.53 23.37
176.69 23.23 23.08
181.69 22.99 22.78
186,72 22,48 22.49
191,72 22,39 22.21.
196.73 22.06 21.93
201.72 21.70 21.6%

206.73 - 21.37 v 21.38
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Table 3 (contd.)

TIME, MIN CNO EXPERIMENTAL, PPM CNO PREDICTED, PPM
0 211.73 0 S U0 V- SN2 VS § | L
216.73 20.89 20.50%

o 22Y.73 20069 . - 20.58_
22674 20.32 20.32
 Z31.73 ; 19,81 . 20.06_ 4
236.73 19,70 19. 31 '

(26173 19.65 . 19.%6 i
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Table 3 (contd.)

_TEST 24
JAN 79 1964
INITIAL NIVRIC OXIDE CONCENTRATION= 40.05 PPH

_REACTUR PRESSURE= /47,8 MM GF MERCURY

INITIAL OXYGEN CONCENTRATION= 0.101S5E 06 PPHM

REACTOR TEMPERATURE= 299.98 DEGREES KELVIN
TIME,MIN CNO EXPERIMENTAL,PPM CNG PREDICTED,PPH
Q. : 37.56 37.56
677 36.19 36.28
11.77 35.19 35,37
16.77 34,25 34,48
21,77 333V . 35«6}
26.77 32.65 32.77
31,77 3165 3194
36.77 30,93 31.14
61,77 30,16 30,36
46,77 29.52 29.60
51.78 2882 28.85
56.78 28.24 28.13
61,78 27.73 27.43
66.78 27.04 26074
71.78 26.32 o 2607
76,79 25.80 25.42
81.79 25,35 24,78 , -
86.80 24.94 24016
91.80 2426 23255 e
96480 23.64 22.97
101.80 23.35_ N 22.40
106.81 22.79 21.84
_111.81 21.85 2.2
116.81 21.45 20.76
121.681 21.53 20.2%




__TEST 28

JAN 8y

80

Tabhle 3 (contd.)

1965

INITIAL NITRIC OA?DE CONCENTRATION= 3

INTTIAL

1@&5 P*

NXYGEN CONCENTRATION= D.1129¢ 0a PPM

__REACTOR PRESSURE= 763.5 MM OF MERCURY _

REACTOR TEMPERATURE= 299.79 DEGREES K

ELVIN

TIME,MIN CNO EXPERIMENTAL,PPM CNO PREDICTED,PPM
Do 29.03 29,03
11.49 27.15 27.53
16.49 26.85 26,91
21.49 26.36 26.29
26250 25,79 __25.70
31.51 25.39 25,11
36,51 24,85 24054
41.52 24,27 23.98
46,53 23.60 23.44%
51.53 23.09 22.91
56.53 22066 22.39
65153 22206 2188
66.57 21.76 21.38
71.52 21.26 20.90
7652 2089 20e%3
81.53 20.51 19.96
86+53 20.12 18.51
91,53 19,63 19,07
96.53 19,27 18.64
101.54% 18.55 18,22
106054 18,57 17.81
111.5% 18.38 1742
116.5% 18.04 1701
121.53 17.87 16.63
126.53 17.61 16,26
131.54% 17.30 15.89
1346.53 146.89 _ 15.53
141.53 16.63 15,18
146,53 1619 14,84
151.53 16.14 14,51
1560.5% 15.86 14.18
161.5% 15,62 13.86
166.54 15.31 13,55
171.5% 15.24 13.2%
. 176.54 14.93 12.95 _
181.54 14,63 12.66
186.5% 1436 12.37
191.53 14.27 12.09 :
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Table 3 (contd.)

‘TIME,MIN CNO EXPERIMENTAL, PPM CNO PREDICTED, PPM

. 196,52 14,00 il.82
201.53 13.75 11.54

- “_2_0,69 5,2 ' 1 3@5 4] . e :; . 30 e
2i1l.52 13.36 1i-.0%

L]
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Table 3 (contd.)

" TEST 26
TUAN 12, 1965

ANITIAL NITRIC OXIDE CONCENTRATIDN=
TTINITIAL OXVYGEN "CONCENTRATION= 0.1464E 06 PPM
SURE= 753.9 MM OF MERCURY
ERATURE= 300.18 DEGREES KELVIN

__REACTOR _PRES
REACTOR TEMP

75,14 PPM

TIME,MIN CNO EXPERIMENTAL,PPM CNO PREDICTEDyPPM
0. ‘ 68,06 68.06
5.88 62.56 62.68
10.88 58.72 58045,
15.89 54.76 5%4.50
20,89 5la42 - .50.83 =
25.89 48.36 4742
20.90 45.87 54,23
35.91 43.02 41025
40:91 41.038 38.49
45,91 38,560 35,91
50.92 36292 33.51
35.92 34.50 31.27
é{)»gB 33;{325 29°E.8
65.94 31.28 27.23
1094 30.44 o 25.41 I
75.94% 28.74 22072
80.94 26.76 _22.14% _
85.93 25,36 20.67
90,92 24062 19,30
95,92 23.54 18.01
100.92 22.4% _ 16.82 e
105.91 2170 15 70
110.92 20.92 o 66
115.91 20.16 13 69
120.90 19.14 12.78
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Table 3 {(contd.)

. TEST 27
"JAN 13, 1985
INITIAL NITRIC oxImE CONCENTRATION= 52.31 PPM

INITIAL OXYGEN CONCENTRATION= 0.1941E 06 PPM
REACYOR PRESSURE= 750.7 MM OF MERCURY

REACTOR TEMPERATURE= 300.19 DEGREES KELVIN

TIMESMIN CNO EXPERIMENTAL,PPM CNO PREDICTED,PPM
Da 20.G0 20,00
0.63 20.25 19.84
5.63 19.19 18.63

10.63 17.93 17.49
15.63 17,19 16052
2063 16.01 15.241
25.63 14.75 1do&7
30.63 14.07 13.59
3563 1345 12,706
40.63 12.87 11.98
45,63 11.87 11.25
56.63 11.31 10.57
55.63 16.51 5,92
60,863 10,33 _ 9,32
£5.6% Bo71 ) 8.7
70.63 8.71 B.22
75.64 Bsa%3 Tai2
80.64 8.31 Ve25
B85.64% Tatl 6.81
. 90.64% 6.51 6£.39
95.64 7223 __ 6.00
100.64% 6,33 Seb4%
105.6% 6019 5. 30
110.65 65,01 4,97
115,65 571 4o67

126.65 4,99 4o 39



.. YEST 28
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Table 3 (contd.)

JAN 14, 1965 -
INITIAL NITRIC OXIDE CONCENTRAVION= 53.09 PPM

INITIAL OXYCEN CONCENTRATION= 0.1127E 06 PPM
RESSURE= 758.8 MM OF MERCURY

_ REACIOR Pf ‘ .
REACTOR TEMPERATURE= 300,20 DEGREES KELVIN

TIME,MIN  CNO EXPERIMENTAL,PPM CNO PREDICTED,PPM
0. » 20.08 20.08
0.48 19.51 20.01
5048 19.09__ 19.26
10.48 18.25 18.54
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Figure 1. Photograph of the complete experimental
apparatus for the oxidation study.
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Figure 2. Photograph of the reactor bay for the
oxidation study.
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Appendix A

Diffusion in an Unstirred Constant-Volume

Batch . Reactor
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INTRODUCTION

It is important to know the influence of diffusion
in any unstirred reactor. 7This is especially important
when one must determine the effect of the reactor surface
upon a given reaction by varying the surface to volume
ratio. In this study of the oxidation of nitric oxide
the effect of the Pyrex surface was determined by the
addition of 3 mm Pyrex glass beads to the reactor.

The recactor was a Pyrex cylinder with a diameter of
7 inches and a height of 16 inches. A gas sample line
was connected to the side of the reactor 11 inches from
the bottom. The evaluation of the concentration profile
for nitric oxide produced by a simultaneous catalytic
reaction on Pyrex glass beads at the bottom of the reactor
and a homogeneous gas phase reaction is the problem

discussed in this Appendix.

REACTOR ANALYSIS

A schematic of thé reactor is shown in Figure 1-A.
In the derivation of the aifferential equations which
describe the physical problem, the followihg assumptions
were made:

1. There were no radial concentration gradients. .

2. There were no angular concentration gradients.

3. The transport of nitric oxide by bulk motion

of the gases can be neglected.
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4. The change in reactor volume upon addition of
glass beads was negligible.
5. The diffusion rate through the packing of glass
beads was the same as in the gas phase.
6. There were no temperature gradients.
If a material balance is written over a differential
element of the feactor and the assumptions liséed.above
are used, Equation l-A results
o ZCNO 2 Cyxo

-k, (Cyn” Cn ) = (1-a)
VNG & 22 h *"No "o,’ T3t .

D

- The boundary conditions for the problem are:

dC k. A
NO c 2
@Z=0, -D = Cc.. C (2-3)
vio 27 v No ~o,
3¢
- NO  _ _
@t =0, Cg4= cNoi (4-2)

Equation 1l-~A with its three boundary conditions can be
solved numerically. If n is the increment in the Z
direction and m the increment in time, the following

numerical equations result.
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D At

VYNO
'(Cm+l,n B Cm,n)No = A22 (Cm,n+l*20m,n+ cm,n—l)NO

X, (c2.c ) At (5-2)
h NO o2 m,n
(C C ) k_ A
— m, 1 m, o' NO c 2

@ z =0 D AZ v (Cxo Coz)m,o (6-A)
® z=1L Cnx ~ Smx-1'no = O (7-)
@ t=0, (C,, -Clyy = O (8-A)

Equations 5-A through 8-A were solved on an IBM 7094
Computer. The rate of the catalytic reaction was varied,
as well as the initial concentrations of nitric oxide

and oxygen. It was found that if the total production

of nitrogen dioxide by the catalytic reaction were the
same as for the total homogeneous production for a
surface to volume ratio of 0.31 cm"l, then the measured
concentration profile would exhibit an apparent increase
of 60 percent in the initial third-order rate constant if
the surface to volume ratio were increased to 0.62 cm—l,

which was definitely greater than the experimental error

in the kinetic studies.
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CONCLUSION

On the basis of the results presented above, an
increase of the surface to volume ratio from 0.31 cm—l
to 1.6 em~ L would be more than sufficient to check for

surface effects.
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NOMENCLATURE

A Reactor surface area, cmz.
C Concenﬁration, g. moles/cm3.
DV Volumetric diffusion coefficient, cm2/sec.
kc' Catalytic rate constant, cm7/(g.mole)2(sec).
kh Homogeneous rate constant, cm6/(g.mole)2(sec).
L Length of reactor in z direction, cm.

Radial coordinate, cm.
t Time, seconds.
\Y% Reactor wvolume, cm3
z Longitudinal coordinate, cm.
) Angular coordinate, radians.
Subscripts
NO Refers to nitric oxide.
O2 Refers to oxygen.
m Increment in time.

n Increment in z.
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VALVE
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Figure 1-A. Schematic of reactor.
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Part II

The Quantitative Determination of Parts-per-Million
Quantities of Nitrogen Dioxide in Nitrogen, Oxygen,
and up to 75 p.p.m. of Nitric Oxide by Electron-
Capture Detection in Gas Chromatography*

* A portion of the material presented in this part of the
thesis has been published by M. E. Morrison, R. G. Rinker,
and W. H. Corcoran, Anal. Chem., 36, 2256 (1964). The
published article is included as Appendix A.
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I. INTRODUCTION

The use of gas chromatography for analysis of
nitrogen dioxide below 1000 p.p.m. has not been described
in the literature, but Greene and Pust(B) did use a wettéd
molecular sieve column to analyze for nitrogen dioxide at
relatively high concentrations. The dearth of literature
for work at low concentrations is probably because of the
difficulty in development of a chromatography column to
separate nitrogen dioxide reproducibly from its diluents
and the lack of acceptable means for detection of parts-
per-million (by volume) quantities of nitrogen dioxide.
The purpose of the research described here was to develop
a chromatography unit that would be capable of quantitative
analysis of parts-per-million quantities of nitrogen
dioxide and which could be used in a study of the air
oxidation of nitric oxide when present in concentrations
below 75 p.p.m.

Icnization detectors(l’ 4, 5, 9, 11, 14, 18)

have
recently been developed which have a very high sensitivity
to specific compounds. In particular, the.electron—
capture detector(lo) has been shown to be very sensitive
to compounds with high affinities for free electrons.
Because of the relatively high electronegativity of the

nitrogen oxides, an eleclLron-capture detector was studied

for its applicability in the detection of parts-per-million
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quantities of nitrogen dioxide.
Subsequent to the first description of electron

capture for the identification of components of a mixture

(13)

resolved by gas chromatography the number of applica-

tions of the method has been quite small. Specifically,
the electron-capture detector has only been used for the

detection of small quantities of highly c¢hlorinated
(2)

materials such as insecticides

carbons(lz), lead alkyls(ls), and aliphatic monohalides(7).

. polycyclic hydro-

The area of greatest exploitation has been in the detection
of picagram gquantities of insecticides. Presently the
electron-capture detector provides the only satisfactory
means for determination of pollution by insecticides of
food for human and animal consumption. Even though the
electron-capture detector has had practical application,
little has been published on the effect of operating
parameters on its sensitivity and performance. Therefore,
a study of these parameters has been included as part

of the present work. Theleffects of temperature, flow
rate, cell geometry, tritium-source size, voltage, and

the means of applying voltage to the cell have been
studied. In the study of the methods for applying voltage,

direct current and pulse modes were used.
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IT. THEORY OF ELECTRON-CAPTURE DETECTION

Electron-capture detection(lo) can be considered as
the reacﬁion between a dilute solution of free electrons
and reactive molecules both suspended in an inert gas.
The reaction is ordinarily carried on in a cylindrical
volume with a diameter and length of one centimeter into
which has been placed a tritium source of approximately
200 mc. This volume is continually swept with a stream
of inert gas, Ig, which does not absorb electrons;
nitrogen, hydrogen, and the noble gases are inert in this
sense. The chamber is connected to a source of low
potential and to some means of measuring the resulting
current flow. The potential applied across the cell is
just sufficient to collect all of the electrons produced

by the following reactions:

37 + aIgg——>aIg+ -+ (a + 1) e (1)

In the reaction, the B-rays (0.018 mev) are produced by
the decay of tritium to 2He3.

If an electron-absorbing material is introduced
into the gas stream, the flow of current will decrease.
The absorption of the electrons is mainly due to the

following three reactions:



110

e + AB_——» AB~ + energy (2)
e + AB—= A + B + energy (3)
+ - —

I + AB r B I AB (or I B

g (o ) — g ( g ) (4)

In the reaction shown in Equation 2, where the negative
molecular ion is formed, the heat of reaction is defined

as the electron affinity of the molecule. The energy is

released by either radiation, collision with other mole-
cules, or by splitting the negative molecule into a free
radical and negative ion. If the exothermic reaction, as
shown in Equation 2, were the governing process in electron
capture, the sensitivity of the detector would vary
inversely with temperature. For fhe reaction shown in
Equation 3, the molecule dissociates after electron
absorption to give a free radical and negative ion.  This
reaction is generally endothermic, and therefore proceeds
Lfurther to the right with an increase in temperature.
Thus, the effect of temperature on electron-capture
detection is a function of the heats of the reactions in
Equations 2, 3, and 4. If at a given temperature the
detector response is calibrated as a function of the
concentration of electron-absorbing gas, it can be used
for quantitative analysis.

In addition to temperature, the response of an

electron-capture detector is a function of the flow rate



111

of inert gas, cell éeometry, and potential, but the
‘absolute sensitivity of this cell is dependent upon the
 inherent noise from random emission of the B-rays from
the tritium source. The magnitude of the noise can be
calculated in an approximate manner from the Shot

Equation(l6):

i®=2e'(a+ 1) I3, (5)
In Equation 5, e' is the charge of an electron, I
the quantity of 3 -rays emitted from the tritium foil
per unit time, a the number of electrons formed by
ionization per Ef?tted B-ray, Bw the electrometer
bandwidth, and i2 the mean square fluctuating current
due to random arrival of electrons at the anode. Use of
this equation gave a noise level of 6(a + 1) x 10 13
amperes. Therefore, the theoretical detection limit of
this cell could be defined as that quantity of electron-

capturing material which would yield a change in current

of 6(a + 1) x 10713 amperes.
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III. EXPERIMENTAL METHOD

Briefly, the experimental method for the chromato-
graphic analysis of the nitrogen oxides consisted of the
following steps: |

1. 1Initial studies were carried out to determine
the feasibility of using electron-capture or argon-
ionization detection for nitric oxide and nitrogen dioxide
in p.p.m. quantities.

2. A number of types of column packings were
tested for the separation of nitrogen dioxide from
nitrogen, oxygen, and nitric oxide.

3. The response of a commercial electron—capturé
detector to nitrogen dioxide was studied as a function of
the operating parameters.

4. A new electron-capture cell was designed and
built.

5. The response of the new cell to nitrogen dioxide
was studied as a function of the operating parameters.

6. Calibration data were obtained with the newly
designed detector for use in the study of the air oxidation
of parts-per-million concentrations of nitric oxide.

With the above outline of the research program in
mind, the required equipment was procured and the

experimental program begun.
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IV. EXPERIMENTAL APPARATUS

The gases and equipment that have been described in
Part I of this thesis were used to prepare calibration
mixtures for the chromatography unit. A Loenco 152
Chromatograph with a Loenco 15B Electrometer was used in
this study. The output of the electrometer was monitored
on a Texas Instrument "servo/riter" Recorder. The recorder
gave a full-scale deflection for one milLivolt, had a 0.5
sec response, and used a 9-3/4 inch chart width. A Hewlett-
Packard Model 214A Pulse Generator was used when the plane-
parallel detector was operated in the pulse mode for
electron-capture. A ''ype 503 Tektronix Oscilloscope was
used to measure the output of the pulse generator. When
the detectors were operated in the d.c. mode for electron-
capture, Eveready dry cells were used as the voltagé source.
The high d.c. voltage required for the argon ionization
mode was obtained from a Model 218B Alfred Electronics

regulated power supply.

Gases

Linde commercial grade argon (purity of 99.996 per-—
cent) or hi-purity dry nitrogen from Linde (purity of
99.995 percent) was used as carrier and scavenger gas.
Gas regulators recommended by Matheson wcre used on the

outlets of the cylinders. Both the carrier and scavenger
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gases were cleaned by passage through a four-foot length
of % inch o.d. by 3/16 inch i.d. copper tubing packed with
14/20 mesh 13X Molecular Sieve and mounted in a dry ice-
acetone bath. All tubing used in the chromatography
equipment, other than that used in the dry ice—acetone
traps, was 304 stainless steel and was cleaned before use
by passing hi-purity dry nitrogen through it while heating
with an oxygen-natural gas torch. One-eighth inch Nupro
"very fine metering’ needle valves were used to regulate
the flow of scavenger and carrier gas. A bubble flow
meter was used to measure the flow rates of scavenger and

carrier gases.

Chromatography column

The chromatography column that was used for
separation of nitrogen dioxide from nitrogen, nitrié oxide,
and oxvyvgen conéisted of a packing of 10 percent by weight of
SF-96 (a methyl silicone oil) on 40/80 mesh Fluoropak 80.
Both the liguid and solid phase where obtained from Wilkens
Instrument and Research, Inc. The packing was placed in a
twenty-foot length of 1/8 inch, 304 stainless steel tubing
which had a wall thickness of 0.016 inch. The preparation
of the column is discussed in Section V. A Loenco 208
stainless steel sampling valve was used to introduce the
gas sample into the column. The hold-up time for wvarious

components was measured with a Clebar stopwatch.
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Detectors

For the early studies, nitric oxide and nitrogen
dioxide were detected with a Barber-Colman A-5042 detector.
This detector was operated in the d.c. electron-~capture
mode. Filgures 1 and 2 are pholographs of Lthis detectlor,
and Figure 3 is a scale drawing of the cross-section. The
B-ray source was 220 mc of tritium.

A plane-parallel detector was designed and built,

which was similar to that described by Lovelock(lo).

A
source of approximately 180 mc of tritium was used. It was
made by cutting a one-centimeter disk from a sheet of
tritiated titanium foil, which had an activity of 1.5 +
0.3 curies per square inch and was obtained from Radiation
Research Corporation. Figure 4 is a photograph of the
plane-parallel detector in the oven in which it was used
during this study. A Fisher thermorequlator was uséd to
insure that the temperature of the oven never exceeded
220°c. Figure 5 is an enlarged photograph of the detector,
and Figure 6 1is a photograph of the several parts of the
detector. A cross-section drawing is shown in Figure 7.
The body of the detector was made from 1-1/4 inch Teflon
bar stock and 304 stainless éteel. The diffusion screen
was 150 mesh with 0.0041 inch openings and was made from

304 stainless steel.

Caution must be used in handling the tritium foil.
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The possible radiation hazards which may arise from the

usc of radiation detectors in gas chromatography have been

discussed by Taylor(l7).
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V. EXPERIMENTAL PROCEDURE

Column preparation

Several columns were tested for their ability to
separate oxygen, nitrogen, nitric oxide, and nitrogen
dioxide. They were 5 percent by weight of 710 silicone
0il on Chromosocrb W(HMDS), 5 percent Apiezon L on Chromosorb
W(HMDS), 13X Molecular Sieve, an unpacked capillary column
with a coating of aluminum oxide, and an uncoated glass
capillary column. These columns did not effect a satis-
factory separation, and at the suggestion of I. H. Williams
of the British Columbia Research Council, 10 percent SF-Y6
(a methyl silicone oil) on Fluoropak 80 was tried and gave
a reasonable separation of nitrogen dioxide from oxygen,
nitrogen, and nitric oxide.

Special care was required in the preparation of the
column containing 10 percent by weight of SF-96 on
Fluoropak 80. Twenty grams of 40/80 mesh Fluoropak 80 were
weighed to the nearest 0.1 g and placed into a 1000 ml
round-bottomed flask. Two grams of SF-96 were weighed into
a 50 ml peaker. Approximately 30 ml of reagent-grade
anhydrous diethyl-ether, purchased from the Mallinckrodt
Chemical Company, were added to the beaker containing the
SF-96. This mixture was stirred with a glass stirring-rod
and then poured into the flask containing the Fluoropak 80.

The beaker was rinsed several times with the diethyl-ether,
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and each rinse mixture was poured into the flask containing
the Fluoropak 80 until the solid phase was completely
covered with liquid. The.mixture of diethyl-ether, SF-96,
and Fluoropak 80 was stirred for ten minutes. The flask
containing this mixture was next held over a steam bath
and stirred until most of the diethyl-ether vaporized.
Hi-purity dry nitrogen which had been dried by passage
through a 13X Molecular Sieve trap was passed over this
mixture for two hours while it remained on the steam bath.
The flask was tightly stoppered so that the packing came
only in contact with the nitrogen. During this two-hour
period the flask was periodically shaken. The packing was
then placed into a clean, dry, sample bottle and tightly
capped.

The twenty-foot column was packed in two ten-foot
lengths. Each ten-foot length was packed by pluggiﬁg the
lower end of the 1/8 inch, 304 stainless steel tubing (wall
thickness of 0.016 inch) with a small piece of glass wool
and adding the packing to the other end through a funnel.
The packing was facilitated by use of a Burgess "vibro
tool". When the tubing was completely fuli of packing,
the upper end was closed with a small plug of glass wool.
Occasionally large conglomerates of packing would wedge
into the tubing. When this happened, the tubing was

emptied and packing begun again.
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Each of the fen-foot lengths was treated in the
‘'same manner. One length was coiled into a diameter of
approximately 4 inches and conditioned at 200°C in the
chromatograph oven for thirty hours by flowing dry
nitrogen through it at a rate of 10 cc per minute as
measured at 1 atm and 22°C. Then that length was cooled
to 22°C while the nitrogen flow was maintained. Next,
twenty 3 cc samples of nitrogen, each containing 300 p.p.m.
of nitrogen dioxide were injected into the column at five-
minute intervalé. This length of column was then put into
a desiccator and the second length of column conditioned
in exactly the same manner. Then,the two sections of
column were connected with a 1/8 inch, 316 stainless steel
Swagelock union and put into the chromatograph oveﬁ. The
complete column was then ready for the calibration runs.
The detector was not connected to the column during.the
above conditioning process. Occasionally a peak emerged
after nitrogen dioxide at approximately 340 sec. This
was due to water in the samples or column. By evacuating
the reactor and meking a new dry gas mixture containing
300 p.p.m. of nitrogen, this peak was eliminated after the

addition of several 3 cc samples.
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Gas analvysis

A gas mixture containing nominally 1500 p.p.m. of
nitrogen dioxide in nitrogen was furnished by Matheson.
It was analyzed for nitrogen dioxide by the phenol-
disulfonic acid method (ASTM D 1608-60). The impurities
in the gas mixture were no greater than 10 p.p.m. of water,
20 p.p.m. of oxygen, and 20 p.p.m. of hydrogen. The results
of this analysis are shown in Table 1. Samples 1 through 3
were taken after the Matheson gas mixture had remained in
the reactor for twenty-four hours. Samples 4 through 6
were analyzed after passing the gas mixture straight through
the nitrogen dioxide hold tank and reactor, and into the
1000 cc bulbs used for analysis. The results are within
the accuracy of the analysis method, i.e., 6 percent. 1In
order to check for adsorption of the nitrogen dioxide on
the walls of the reactor or absorption in the Apiezén N
stopcock grease, a mixture of approximatcly 50 p.p.m. of
nitrogen dioxide in nitrogen was made in the reactor.
This mixture was made by évacuating the reactor below
0.05 mm of mercury and adding approximately one-fifth
atmosphere of the Matheson mixture and fouf-fifths of an
atmosphere of nitrogen to the reactor. The resulting gas
mixture was diluted two more times by partially evacuating
the reactor and adding nitrogen. The result of a chemical
analysis of this gas mixture and the calculated concentra-

tion is shown in Table 1 as Sample 7. The agreement of the
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two values is within the experimental accuracy of the
" chemical analysis.

A gas mixture containing nominally 1000 p.p.m. of
nitric oxide in nitrogen was furnished by Matheson. It
was analyzed by the same phenol-disulfonic acid method.
The impurities were the same, i.e., less than 10 p.p.m.
of water, 20 p.p.m. of oxygen, and 20 p.p.m. of hydrogen.
The results of the analysis are shown in Table 2. Samples
1 through 3 were taken after the gas mixture had remained
in the reactor for twenty-four hours. Samples 4 through 6
were analyzed after passing the gas mixture straight
through the nitric oxide hold tank and reactor, and into
the 1000 cc bulbs used for analysis. The results are well
within the accuracy of the analysis method. In order to
check for wall adsorption or losses in stopcock grease,

a mixture of approximately 50 p.p.m. of nitric oxide in
nitrogen was made up in the reactor. This was prepared

by three successive dilutions. The result of a chemical
analysis of this gas mixfure and the calculated concentra-
tion is shown in Table 2 as Sample 7. The agreement of

the two values is again within the accuracy of the chemical

analysis.
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General

Figure 8 is a complete schematic of the chroma-
tography equipment. Extremely good electrical grounds
and insulation were necessary.

Experiments were carried out to determine the
optimum operating conditions for the column. In these
experiments the A-5042 detector was used. Studies were
also carried out with the detectors to determine their .
sensitivity characteristics. The results of these

investigations are discussed in Section VI.

Calibration studies

After the optimum operating conditions for the
colurn and detector were determined, the chromatography
unit was calibrated for nitrogen dioxide. The nitrogen
dioxide~-nitrogen mixture, which has been discussed above,
was used in this calibration. The reactor was evacuated
below 0.05 mm of mercury. The Matheson mixture, containing
1627 p.p.m. of nitrogen dioxide in nitrogen, was diluted
by adding approximately one-~fifth atmosphere to the reactor.
Next, the purified oxygen and nitrogen were added to the
reactor until the pressure was slightly greater than one
atmosphere. A cathetometer was used to measure the
pressure changes on the mercury manometer. This mixture
was diluted approximately ohe—third, by partial evacuation

of the reactor and addition of oxygen and nitrogen.
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Severai 0.5 cc Samples of this mixture were analyzed at
five minute intervals until reproducible results were
obtained. This required three to ten samples. The
samples were taken from the reactor by evacuating the
sample loop and then allowing the gas to flow into the
0.5 cc volume. Lower concentrations of nitrogen dioxide
were analyzed by subsequent partial evacuation of the
reactor and addition of nitrogen and oxygen. .Three
samples of each gas mixture were analyzed. The samples
were introduced at five-minute intervals; otherwise, at
concentrations of less than 20 p.p.m. of nitrogen dioxide
the nitrogen dioxide peaks were not completely reproducible.
A normal calibration run with six fo seven different
concentrations of nitrogen dioxide required, including
evacuation of the reactor, four to five hours. The
calculation of the concentrations of the gas samples was
done by assuming the gases behaved ideally. Essentially
no error was introduced by making this assumption, since
the compressibility factors for N2' 02, NO, and NO2 at
the conditions used for this work are all greater than

0.995.
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VI. DISCUSSION OF RESULTS

Chromatography column

A number of experiments were made to optimize the
separability of the SF-96 on Fluoropak 80 column as a
function of : (1) carrier flow rate, (2) temperature,

(3) packing size, (4) weight fraction of liquid phase
and (5) length. The results of these experiments are
shown in Table 3.

Previous work has shown that a volume of 0.5 cc
is the largest sample which a 1/8 inch column can
acceptably separate without excessive overloading and
decreased efficiency. Therefore, 0.5 cc samples were
used in these optimization studies. The Barber-Colman
A-5042 Detector was used for the work.

Low flow rates for the carrier gases tended to
give broad tailing of the nitrogen dioxide peaks with
large separation times between oxygen and nitrogen
dioxide. Higher flow rates gave sharper nitrogen dioxide
peaks with smaller separation times. The optimum flow
rate value of 10 cc per minute was a compromise which
gave only slight tailing of nitrogen dioxide peaks but
complete separation between nitrogen dioxide and up to
25 percent oxygen.

The temperature of the column over a range from O

to SOOC did not measurably affect the separation of
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nitrogén dioxide ana oxygen. “Thus, the column was
‘o?erated at room temperature, 22 + 2%c.

The packing size and weight fraction of ligquid
phase did not markedly affect the separation. The smaller
pégking tended to pack more tightly in the column causing
a larger pressure drop and decreased column efficiency.
The low concentration of liquid phase on Fluoropak 80 was
difficult to prepare in the laboratory because the packing
would not evenly coat with ligquid. The optimum packing
thus was 40/80 mesh Fluoropak 80 with 10 percent by weight

of SF-96

With the optimum column parameters it was found that
a twenty-foot column was sufficient to separate nitrogen
dioxide from nitric oxide, nitrogen, and oxygen. The
retention time for oxygen, nitric oxide, and nitrogen was

120 seconds. For nitrogen dioxide the retention time for

the optimum column operating conditions was 148 seconds.

Barber-Colman A-5042 Detector

The chromatography-column was used at the optimum‘
conditions to study the characteristics of the Barber-
.Colman A-5042 Detector and to determine the feasibility
of its use in the detection of nitrogen dioxide at low
concentrations. These experiments were designed so thal
the optimum operating conditions for the detector would be

obtained. Tests were carried out to determine'the effect
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on the detector of écavenger flow and detector potential.
‘Measurements were also made to determine the noise level
of the detector and thus the sensitivity limit for
nitrogen dioxide. Preliminary experiments showed that the
detector was approximately 100 times more sensitive to
nitrogen dioxide than to nitric oxide. Therefore the work
reported here is only with regard to the response obtained
from nitrogen dioxide.

Figure 9 presents information on the response
obtained as the detector potential was varied for constant
values of total nitrogen flow. In this study, 0.5 cc
samples of nitrogen containing 10 p.p.m. of nitrogen
dioxide were used. Within the limits of experimental
error for a nitrogen carrier flow of 10 cc per minute,

a scavenger flow of 85 cc per minute of nitrogen and a
detector potential of 33 volts gave the most sensitive
response.

The background current was studied as a function
of total nitrogen flow and detector potential for
comparison with the results presented in Figure 9.

Figure 10 shows the background current as a function of
the total flow rate of nitrogen. The data were obtained
at a constant potential of 33 volts and a flow of
scavenger gas or carrier gas of 10 cc per minute.
Figure 11 shows the background current as a function of

detector potential for a constant flow rate of 85 cc per
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minute of scavehger gas and 10 cc per minute of carrier
gas. In Figure 11 the lqwer curve 1s the background
current aé a function of detector potential in the
absence of water traps on the nitrogen carrier and
scavenger streams. The need for removal of water by the
molecular sieves is shown to be very important. It is
interesting to note that the optimum conditions for the
operation of the electron caplure cell, i.e., 33 volts,
10 cc per minute of nitrogen carrier gas, 85 cc per
minute of scavenger gas, and a background current of

.6 x 10 mper

point just before the curve tends to become level.

Landowne and Lipsky(7)

obtained this same result. The
noise level for this detector, operating at the optimum
conditions, was 1.6 x J.O—ll amperes.

A chromatogram for the optimum conditions of
analysis is shown in Figure 12. Nitrogen was the
diluent. The concentration of nitrogen dioxide was
18.3 p.p.m. and that of oxygen was 3.9 X lO4 p.p.m. The
sample pressure and temperature were 755.4 mm of mercury
and 20.7OC, respectively. Oxygen was presént just to
check separation, and the multiple oxygen peak was
developed merely by decreasing the attenuation by

factors of two from a value of 128 to 16 during the

course of the oxygen peak. The sample volume was 0.5 cc.
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(10)

Lovelock noted that the electron-capture

‘detector should obey the following equation:
I =1e (6)

in which I is the measured current in the presence of the
test substance at a concentration C, Ig is the background
current or current measured with no electron-capture
material in the detector cell, and B is a constant.

Rearrangement of the equation gives
C=A-DinlI (7)

in which A and D are constants. I is obtained by use

of the following relation:
I=I -1 (8)

where Ip is a decrease in current effected by the
presence of the electron-capture substance and is
obtained as the product in appropriate units of the
peak height measured for that substance and the
prevailing attenuation. A semilog plot of I as a
function of the concentration of ﬁitrogen dioxide in
partsper-million in the presence of nitrogen is given
in Figure 13. Over the range of 5 to 150 p.p.m. of
nitrogen dioxide the experimental data did not exactly

follow Lovelock's proposed relationship as expressed
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by Equaﬁion 7. A leést—squares analysis of the data
using Equation 7 gave the dashed line with a standard
deviation of 7.3 p.p.m. while the best curve through

the averaged experimental.points was the solid line with
a standard deviation of 2 p.p.m. of nitrogen dioxide.

The lower limit of concentration of about 5 p.p.m. was
set by the noise in the detector circuit. The day-to-day
variability for this system was not determined, since

a new detector design was to be studied.

Subsequent to the experiments reported above,
argon was used as zoth carrier and scavenger gas. With
argon, the sensitivity was increased by a factor or two.

As has been discussed under theory, the noise

level of an electron-capture detector should be of the

I

order of lO_12 amperes (a 5), 1f the only noise is that
due to random emission of the B-rays from the tritium
foil. By means of an oscilloscope, measurements were
made on the noise under normal operating conditions in
the detector circuilt. The noise seemed to be somewhat
cyclic (10 c.p.s.) and was affected quite markedly by
small changes in the flow of scavenger gas; The
electrical noise was measured by replacing the detector
with a 5 x 107 ohm resistor and was found to be less

than 2 x lO_14 amperes; Therefore the conclusion was

that the high noise level was probably due to the flow

pattern in the c¢ell. 1In order to minimize the turbulence
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in the cell and'hopefully to decrease the noise, a plane-

‘parallel detector was designed and built.

Argon ionlization detection

The Barber—-Colman A~5042 Detector was also operated

(

in the argon ionization mode 1) but no response to
300 p.p.m. of nitrogen dioxide or nitric oxide was
obtained. The sample size was again 0.5 cc at 1 atm and

22°¢.

Plane-parallel detector

The purpose of the experiments which are descrihed
below was to determine the effect of the geometry of the
new detector on electron-capture detection and to compare
the d.c. and pulse modes of operation. Only three changes
in the chromatography unit were made: (1) a new gas
mixture of nitrogen dioxide in nitrogen was preparea for
sampling, which had a concentration of 88.3 p.p.m. of
nitrogen dioxide at 757.4 mm of mercury and 23.2OC;

(2) argon was used as carrier and scavenger gas becaqse
of the increased sensitivity which it had given in
comparison with nitrogen for the A-5042 detector; and

(3) the Barber-Colman A-5042 detector was replaced by the

plane-parallel detector(lo).
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‘D.c. electron-capture detection.

For the d.c¢. method of operation with the plane-
‘parallel detector the change in current as a function
of detector potential for several argon flow rates is
shown in Figure 14. Within the limits of experimental |
error, a carrier flow of 10 cc per minute of argon,
a scavenger flow of 10 cc per minute, and a detector
potential of 4.5 volts gave the most sensitive response.

| The background current was then studied as a

function of total argon flow and detector potential
for comparison with the results presented in Figure 14.
Figure 15 shows the background current as a function of
the total flow rate of argon. The data were obtained at
a constant potential of 4.5 volts and a flow of argon
carrier gas of 10 cc per minute. Figure 16 shows the
background current as a function of detector potential
for a constant flow rate of 10 cc per minute of scavenger
gas and 10 cc per minute of carrier gas. It is again
apparent that the optimum conditions for the operation of
the d.c. electron-capture cell, i.e., 4.5 volts, 10 cc
per minute of carrier gas, 10 cc per minute of scavenger
gas, and a background current of 2.6 x 10-9 amperes,
appear in Figures 15 and 16 at the point just before the
curve becomes level. The noise level of the cell,

operated at these optimum conditions,was 8 x 10-12 amperes.
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Pulse eléctron—capture detection.

The pulse mode of operation with the plane-parallel
detector was studied. The only change in the operation of
the chromatography unit was the replacement of the d.c.
battery with a Hewlett-Packard 214A pulse generator.

Figures 17 and 18 present information on the
response obtained when the fraction of on-time for the
.pulse generator was varied. All other parameters were
held constant, i.e., total argon flow rate, detector

temperature, and output voltage. For an on-time of less

for the operation of the cell. The response of the
detector as a function of the total argon flow is presented
in Figure 19. The response was quite markedly affected by
the total argon flow below 30 cc per minute, but between

30 and 60 cc per minute the response was nearly independent
of flow rate.

In order to determine the optimum operating
conditions for the detector, a plot was prepared which
included all the data collected during the study of the
pulse mode. The data are shown in Figure 20, Where the
response is plotted as a function of the fraction of on-
time for the pulse generator. Between 10 and 50 volts
the detector response was relatively independent of wvoltage.
Below 10 volts odd peaks and anamolous results were

obtained. The two important variables appear to be
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fraction of on-time and total flow rate of argon. For
the case of a carrier flow of 10 c¢¢ per minute, a
scavenger flow of 30 cc per minute of argon and a fraction
- on-time of 0.027 gave the most sensitive response within
the»limits of experimental error.

The effect of temperature on the response of the
electron-capture detector when operated in the pulse mode
was determined. The data are presented in Figure 21. It
was found that the sensitivity was increased approximately
fdur-fold in the concentration region from 1 to 10 p.p.m.
of nitrogen dioxide when the temperature was decreased
from 200 to 25°C, but the effect was not linear with
temperature. In fact, nearly all of the increase in
sensitivity was obtained in the range from 90 to 25°c.
This is the exact opposite effect that has been found
by Landowne and Lipsky(7) for sec-butyl bromide. The
effect of temperature on the sensitivity of the detector
is a characteristic of the substance to be detected and
a function of the electroh affinity of the molecule and
the heat of dissociation for the negatively charged
molecule to form a free radical and negative ion.

By using tritium foils with a different activity
per unit area, the effect of the size of the tritium-
source on the response of the detector was determined.

An increase in the strength of the tritium-source did
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increase the response for a given quantity of nitrogen:
dioxide, but the noise level was increased in the same
proportion. Thus, the absolute sensitivity was not a
function of source strength as long as a reasonable
background current could be obtained. The acceptable
source size was in the range of 150 to 300 millicurie of
tritium. With this quantity of tritium the ratio of the
number of electrons collected at the anode per emitted
B-ray, a, was five. It should be pointed out that the
sensitivity tests on the plane-parallel detector were

bration

made 11Sin source of 150 me. The cali

g a tritium
studies and oxidation tests were carried out using a
source of 220 mnc.

Therefore, the following detector operating
conditions were found to give the optimum sensitivity to
nitrogen dioxide: (1) an argon scavenger flow rate df
30 cc per minute, (2) a pulse output of 50 volts with an
on-time of 4 | seconds and a period of 150 y seconds, and
(3) a detector temperature of ZODOC. For those conditions
the noise level of the detector with a 150 mc tritium
source was 4 x 10-12 amperes with a backgfound current of
2.6 x 10-9 amperes. The noise level is a quarter of that
obtained with the Barber-~Colman A~5042 Detector operated

in the d.c. mode. The noise from the plane-parallel

detector operated in the pulse mode is shown in comparison
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to the noise from the Barber-Colman Detector operated in
Ehe d.c. mode in Figure 22. The detector temperature of
200°C was chosen over 250C for two reasons: '(l) the |
calibration cﬁrve at 25°C was much more non-linear than

at 200°C and (2) less adsorption of column bleed on the

tritium foil was experienced at 200°c. |

A chromatogram for the optimum conditions of
analysis is shown in Figure 23. Nitroéen was the diluent.
The concentration of nitrogen dioxide was 4.22 p.p.mQ and
that of oxygen was 18.15 x 104 p-p-m. The sample pressure
and temperature were 748.7 mm of mercury and 26.2%,
respectively. Oxygen was present just to check separation,
and the multiple oxygen peak was developed merely by
decreasing the attenuation by factors of two f:om a value
of 128 to 2 during the course of the oxygen peak. The
"sample volume was 0.5 cc.

Calibration data were obtained for nitrogen dioxide
when the detector was operated at the optimum conditions.
The data are tabulated in.Table 4 and plotted in Figure 24.
For the best curve which could be drawn through the data,
the average percent deviation was 3.2 percent from 3 to
25 p.p.m. of nitrogen dioxide and 3.4 percent from 3 to
75 p-p-m. The standard deviation was 0.59 p.p.m. from‘

"3 to 25 p.p.m. and 1.32 p.p.m. from 3 to 75 p.p.m. All

nitrogen dioxide concentrations were corrected to 26.46°C
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and 760. mm of mercury as shown in Table 4. The reason
for the correction was to compensate for slightly different
sample pressures and temperatures. The fit of the
calibration data to the theoretical equation proposed by
(10)

wa

Lovelock s again unacceptable for this work.

Presented in Table 4 are the calibration data which
were used for the oxidation studies. The data were
plotted, as shown in Figure 24, with the fraction decrease
in current as a function of the nitrogen dioxide
concentration in order to compensate for day-to-day
variations in the background current. These data were
used for Tests 1 through 21. After Test 21, the equipment
was not used for approximately two weeks. When the
equipment was operated again, the detector sensitivity had
decreased approximately 8 to 10%. Therefore, a different
calibration curve was used for Tests 22 through 28.' The
data for this calibration are given in Table 5. This
difficulty could have been circumvented by correcting the
response to a given concentration of nitrogen dioxide
through use of response factors which have been discussed

d(ls). Since calibration tests were made each

by Woodwar
week and any one calibration curve was accurate for
approximately six weeks, the use of these response factors
was not required for this study.

The results presented above compare very favorably

with chemical techniques for the analysis of nitrogen
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dioxide. The chemical methods that are used for the
analysis of nitrogen dioxide in the concentration region
from 1 to 75 p.p.m. are the phenol-disulfonic acid
technique (ASTM D 1608-60) and the Saltzmanntechnique(ls).
The phenol-~disulfonic acid method requires one-liter
samples and has given in this laboratory an average
absolute deviation of 6 percent and a standard deviation
of 3 p.p.m. The Saltzmannprocedure required 250 cc
samples. An average absolute deviation of 3-4 percent

has been reported(lS)

in the concentration range from

8 to 45 p.p.m. The phenol-disulfonic acid method is used
for the determination of the total nitrogen oxides as
nitrogen dioxide, whereas the Saltzmam procedure is used
for analysis of only nitrogen dioxide in the presence of
any other nitrogen oxides. In consideration of the
analysis time of five minutes for gas chromatography
versus three to four days with the phenol-disulfonic acid
method and a sample size of 0.5 c¢c versus nominally 1
litexr, the gas chromatogréphic analysis shows advantages
for the particular conditions studied. Similarly the
advantage of sample size would prevail relﬁtive to the

Saltzmam procedure.
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VII. CONCLUSIONS

The results presented in this thesis have shown
that gas chromatography can be used for the quantitative
analysis of nitrogen dioxide at concentrations from 0.5
to 75 p.p.m., when in the presence of nitrogen, oxygen,
and up to 75 p.p.m. of nitric oxide. A chromatography
column consisting of an inert solid, Fluoropak 80, which
had been coated with a methyl silicone oil, SF-96, was
used in this study. A parallel-plane electron-capture
detector when operated in the pulse mode was found to be
the most sensitive chromatography device yet available for
the detection of nitrogen dioxide. This chromatographic
analysis was shown to be accurate to an average absolute
deviation of 3.4 percent, with a standard deviation of
1.32 p.p.m. in the concentration range from 3 to 75 p.p.m.
of nitrogen dioxide when oxygen was present to the extent
of 25 percent by volume in nitrogen. The detection limit
for nitrogen dioxide was found to be 0.5 p.p.m. The main
advantages of gas chromatography in comparison with
chemical techniques are the short time for analysis and

the small samples (0.5 cc) required.

Chromatography colunmn

It has been found that an inert support with a

nonpolar ligquid phase is the most appropriate column
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packing for the separation of nitrogen dioxide from
nitrogen, oxygen, and nitric oxide. The inert support

was found to be important for two reasons: (1) high
tailing of nitrogen dioxide occurred with active supports
such as Chromosorb W and (2) adsorption of water on active
supports is more pronounced, which prevents reproducibility
in the analysis of the nitrogen oxides.

In regard to the use of methyl silicone oil (8F-96)
on Fluoropak 80, the most important factor was the removal
of all traces of water from the column, samples, and
carrier gases. The optimum conditions for operation of
the column were: (1) a carrier flow rate of 10 cc per
minute, (2) a temperature of 22°C; (3) a paéking of 40/80
mesh Fluoropak 80 with 10 percent by weight of SF-96,

(4) a sample size of 0.5 cc, and (5) a 20 foot column of
stainless steel with an inside diameter of 0.093 inch.
The flow rate and column length had the largest effects

on the separation.

Detection

Argon ionization.

The use of an argon ionization detector was found
to produce no measurable response to 0.5 cc samples aﬁ
atmospheric pressure and room temperature containing
300 p.p.m. of nitrogen dioxide in nitrogen or 300 p.p.m.

of nitric oxide in nitrogen.



140

Electron¥cap£ure.

Nitrogen dioxide was found to be particularly
amenable to detection by electron-capture at concentra-
tions between 0.5 and 75 p.p.m., whereas the detector was
approximately 100 times less sensitive to nitric oxide.

The geometry of the detector was shown to be
important. The plane-parallel detector was superior to
the Barber-Colman A-5042 design, because of decreased
. noise. The higher noise level in the d.c. mode for the
A-5042 design (16 x 10712 compared to 8 x 10712 amperes)
was attributed to gas turbulence in the detector.

The pulse mode of operation with the plane-parallel
detector was found to be slightly superior to d.c.
operation.' The pulse mode gave a noise level (4 x 10-12
amperes) approximately one-half that found for d.c.
electron-capture and was also less sensitive to small
changes in total gas flow rate and detector potential.

As has been discussed above, the noise level of the
detector determines the absolute sensitivity. Although
a decrease in noise was dbfained by different cell'
geometries and modes of operation, a significant further
reduction in the noise does not seem poseible at the
present time. The noise level of 4 x lO_l2 amperes was
almost completely causéd by random emission of the B-rays
from the tritium source and thus is a characteristic of

the electron-capture detector.
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Relative to detector sensitivity in the pulse mode,
"the fraction on-time, temperature, and total argon flow
rate were the most important variables. The optimum
fraction on-time and total argon flow rate were found to
be 0.027 and 40 cc per minute, respectively. At 25°¢
the sensitivity was approximately four times that at 200°c.
The detector sensitivity was relatively independent of
source size, voltage, period, and on-time as long as a

2 and 10 x 10”2 amperes

background current between 2 x 10
could be obtained.

Detector sensitivity to nitrogen dioxide was
increased two-fold by the use of argon rather than
nitrogen as a carrier and scavenger gas. Whatever carrier
and scavenger gas was used, it was essential to remove
all traces of water in order to obtain satisfactory
background currents.

In order to compensate for day-to-day variability
in detector calibration, it was found necessary to plot
the fraction decrease in background current versus
nitrogen dioxide concentration. By use of this technique,

one calibration curve was accurate for as long as six

weeks.
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VIIi. RECCMMENDATIONS

In the future there should be more thought and
consideration given to two general areas in the use of gas
chromatography for analysis of the oxides of nitrogen.

| The first area is the development of new éhromatog—
raphy columns for the separation of the nitrogen oxides.
A column capable of reproducibly separating the nitrogen
oxides at concentrations below 10 p.p.m. would be particu-
larly applicable to air pollution studies. A chromatoé—
raphy unit capable of analyzing gas mixtures containing
hydrocarbons and watgr vapor as well as oxides of nitrogen
when present at low concentrations in air would also be
of major interest. The absence of literature for such work
lies in the difficulty in reproducing results because of
the high reactivity of the nitrogen oxides and their
affinity for water. Probably the most promising columns
would be those comprised of inert supports coated with
relatively polar liquid phases.

The second generél area for more thought and
experiment is in the Study of the actual theory of
electron~capture detection. A complete understanding of
the important reactions in the detector would yield
information relative to the design of more efficient
detector cells and the prediction of the sensitivity of

the detector to any given compound.
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X.  NOMENCLATURE

Any molecule composed of atoms A and B.

Stoichiometric coefficient (quantity of electrons

produced per B~ray).
Constant, liter/ g. mole.
Electrometer bandwidth, cycles per second.
Test substance concentration (e.g., nitrogen
dioxide), g. mole/liter.
Constant, g. mole/liter.
Electronic charge, 1.602 x 10™%° coulomb.
Mean-square fluctuating current due to random
arrival of electrons at the anode, amperes.
Charge quantity of pg-rays emitted from the
ﬁritium foil per unit time, amperes.
Gas which does not absorb electrons (argon
or nitrogen).
Measured current in the presence of the test
substance (e.g., nitrogen‘dioxide), amperes.
Background current, amperes.

Decrease in current effected by the presence

of the electron-capture substance, amperes.
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Table 4. Calibration Data for Plane-Parallel Detector
Operated in the Pulse Mode from November 2,
1964 to December 18, 1964.

On-time: 4 | seconds

Period: 150 p seconds

Argon Carrier: 10 cc per minute
Argon Scavenger: 30 c¢¢ per minute
Potential: 50 volts

Detector Temperature: 200°¢

Nitrogen D?oxide Fraction . C'NO ;P.-p.m. Fraction '
Concentration Decrease in 2 Decrease in
(C'Noz), pP.-p.m.¥* Backgrognd Backgrognd
Current Current
66.96 0.5997 20.72 0.2241
65.21 0.5836 17.30 0.2053
60.06 0.5785 15.73 0.1623
57.98 0.5384 14.29 0.1530
54.55 0.5350 11.60 0.1180
47.53 0.5149 9.80 0.08998
40.16 0.4351 9.55 0.07471
36.04 0.4173 9.34 0.07993
35.36 0.4094 9.01 0.06963
30.42 0.3299 6.07 0.03896
29.51 0.3673 6.05 0.04274
25.30 0.2804 5.82 0.03317
23.02 0.2707 5.02 0.02762
21.50 0.2566 3.55 0.01535
*C'xo, = o, (P/760.) (299.62/T), where Co, IS the

nitrogen dioxide concentration of the sample at
the system pressure and temperature as calculated
by the ideal gas assumption.

+Background Current: (5.75 + 0.15) x lOﬂgamperes.
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Table 5. Calibration Data for Plane-Parallel Detector
Operated in the Pulse Mode from December 31,
1964 to January 14, 1965.

On-time: 4 |1 seconds

Period: 150 p seconds

‘Argon Carrier: 10 cec per minute
Argon Scavenger: 30 cc per minute
Potential: 50 volts

Detector Temperature: 200°¢

Nitrogen Dioxide Concentration Fraction Decrease in
(cﬁoz)' p.p.m.* - Background Current’

59.96 0.5056

58.28 0.4955

30.30 . 0.2944

30-18 0.2904

15.62 0.1386

15.62 0.1351

8.30 0.05190

8.06 | 0.05181

*
See Table 4.

M Background Current: (5.20 + 0.10) x lo-gamperes
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Figure 1. Photograph of Barber-Colman A-5042 Detector.
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Figure 4. Photograph of oven for Plane-Parallel
Detector.
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a carrier flow of 10 cc per minute for
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Vol. 346, November 1964, Pages 2256-2259
Copyright 1964 by the American Chemical
Society and reprinted by permission of

the copyright owner

Quantitative Determination of Parts-per-Million
Quantities of Nitrogen Dioxide in Nitrogen and
Oxygen by Electron-Capture Detection

in Gas Chromatography

M. E. MORRISON, R. G. RINKER, and W. H. CORCORAN

Chemical Engineering Laboratory, California Institute of Technology, Posadena, Calif.

» An electron-capture detector was
used in a gas chromatograph to
measure parts-per-million quantities
of nitrogen dioxide in a ternary mix-
ture of nitrogen, oxygen, and nitrogen
dioxide. For concentrations of nitro-
gen dioxide from 5 to 150 p.p.m. and
for oxygen present to the exlent of
9% by volume in nitrogen, the stondard
deviation of the best curve through
the points showing response vs. con-
centration was 2 p.p.m. compared to
about 3 p.p.m. for chemical tech-
niques. The main advantages of gos
‘chromatography are the short time
for onalysis and the small samples
{*/2 ce:) required.

2256 ¢ ANALYTICAL CHEMISTRY

USE OF GAS CHROMATOGRAPHY for
analysis of nitrogen dioxide at
concentrations between 10 and 1000
p.p.m. has not been described in the
literature.  Greene and Pust (I) used
a wetted molecular sieve column to
analyze for nitrogen dioxide at relatively
high concentrations. Currently small
concentrations of nitrogen dioxide in air
are usually measured by means of the
Saltzman (4) technique which requires
much larger samples than gas chro-
matography.

EXPERIMENTAL

Apparatus. A Loenco 15A gas
chromatograph with a Loenco 15D
electrometer was used in the study.

The electron-capture detector was a
Barber-Colman Model A 5042 with a
220-mc. tritium source. - High purity
dry nitrogen and commercial grade
oxvgen, both obtained from Linde,
were the diluent gases. They were
dried by passage through a 4-foot
length of 3/-inch i.d. copper tubing
packed with 13-X molecular sieve and
mounted in a dry ice-acetone bath.
Several column materials were tested
for their ability to separate oxygen and
nitrogen dioxide. They were 5%, by
weight of 710 silicone oil on Chromosorb
w (HMDSMS‘?’ Apiezon L on Chromo-
sorb W (H Dg), an unpacked column
with a coating of aluminum oxide, and a
glass capillary column.. These ma-
terials did not effect a satisfactory
separation, and at the suggestion of
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1. H. Wilhams of the British Research
Council, 109, SF 96 (a methyl silicone
oil) on Fluoropak 80 was tried and
gave 8 reasonable separation. It was
used in the present study.

Special care was required in the
preparation of the column with 109}
SF 96 on Fluoropak 80. The SF 96
was placed on the solid phase, which
was 20- to 80-mesh, by use of standard
evaporation procedures with diethyl
ether as the solvent for the methyl
silicone oil. The coated packing was
then placed into a 15-foot length of a
304 stainless steel tube having an inside
diameter of 3/5 inch. Three grams of
material were used to pack the 15-foot
column which was then coiled into a
diameter of approximately 4 inches and
conditioned at 200° C. for 30 hours by
flowing dry nitrogen through it at a
rate of L0 cc. per minute a8 measured
at 1 atm. and 22° C. Then the column
was cooled to 22° C. while the nitrogen
flow was maintained. Next, 20 3-cc.
samples of nitrogen, each containing
300 p.p.m. of nitrogen dioxide, were
injected into the column at approxi-
mately 5-minute intervals. After that
treatment, the column quantitatively
separated oxygen and nitrogen dioxide.
In continuous use, three to four !/;-ce.
samples of nitrogen containing 100
p.p-m. of nitrogen dioxide were in-
jected into the column each da?' before
beginning the quantitative analysis.

Nitrogen Dioxide. Nitrogen di-
oxide was obtained from a mixture
furnished by Matheson containing
nominally 1500 p.p.m. of nitrogen
dioxide in nitrogen. Analysis of the
gas in the cylinder by the phenol-
disulfonic acid method (ASTM D
1608-60) showed that the concentra-
tion of nitrogen dioxide was 1627
p.p-m., based on moles of nitrogen
dioxide per mole of gas, with a standard
deviation of 70 p.p.m. Standard mix-
tures used to calibrate the chromato-
graph were made by evacuation of a
6000-ce. vessel followed by addition of

Effect of detactor potentiol on relative response
to nitrogen dioxide with a nitrogen carrier flow of 10 ce.
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igure 1.

Figure 2. Background current as o function of total nitro-

gen flow at a detector potential of 33 volts

the appropriate gases., Changes in
pressure combined with compressibility
factors and the assumption that Dal-
ton’s law prevailed were used to caleu-
late the concentrations of the gases in
the 6000-cc. vessel. For very low con-
centrations of nitrogen dioxide, suc-
cessive dilution procedures were used.
Procedure. The conditioned
Fluoropak 80 column was operated
at 22° C. (room temperature) to
determine the optimum conditions
for determination of the nitrogen
dioxide. Preliminary work showed
that a flow rate of 10 ce. per minute
of carrier gas provided the best
separation of the nitrogen dioxide.
That flow rate then received special
interest in studies of detector response
as a function of detector potential and
tflow rate of scavenger gas. In the
study of the optimum conditions of

operation, '/;-cc. samples of mitrogen
containing 100 p.p.m. of nitrogen di-
oxide were used.

RESULTS AND DISCUSSION

Figure 1 presenis information on the
response obtained as the detector
potential was varied for constant values
of total nitrogen flow. Within the limits
of experimental error for the case of a
carrier flow of 10 ce. per minute, a
scavenger flow of 85 cc. per minute of
nitrogen and a detector potential of 33
volts gave the most sensitive response.

The background current was then
studied as a function of total nitrogen
flow and detector potential for compari-
son with the results presented in Figure 1.
Figure 2 shows the background current
as a function of the total flow rate of

14 -

BACKGROUND GURRENT X10° (AMPERES)

1 |

\no WATER TRAPS

| 1 1 |

o 20 a0 60

80 100 120 140

OETECTOR POTENTIAL (VOLTS)

Figure 3. Background current as a function of detector
potential for a total nitrogen flow of 95 cc. per minute
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nitrogen. The data were obtained at a
constant potential of 33 volis and flow
of scavenger gas or carrier gas of 10 ce.
per minute. Figure 3 shows the back-
- ground current as a function of detector
potential for a constant flow rate of 85

o e e e
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ec. per minute of scavenger gas and 10
¢c¢. per minute of earrier gas. In Figure
3 the lower curve is the background
ourrent as a function of detector poten-
tial in the absence of water traps on the
nitrogen and oxygen streams, The need
for removal of water by the molecular
sieves is shown to be very important.

— The optimum conditions for the opera- per million 'in the presence of nitrogen
—I-0-939xio" —| — tion' of the electron-capture cell were is given in Figure 5. Over the range of
- —GE e 0Py " then selected as 33 volts, 10 ce. per 5 to 150 p.p.m. of nitrogen dioxide the
— HEM minute of nitrogen as the carrier gasand  experimental data do not exactly follow

". B 85 ee. per minute as seavenger gas, and Lovelock’s proposed relationship as
- oy a background current of 8.6 X 10~  expressed by Equation 2. A least-
ampere. squares analysis of the data using
- A chromatogram for the optimum Equation 2 gave the dashed line with a
conditions of analysis is shown in standard deviation of 7.3 p.p.m. while
—— Figure 4. Nitrogen was the carrier. the best curve through the averaged:
The concentration of nitrogen dioxide experimental points is the solid line with
= was 18.3 p.p.m. and that of oxygen was  a standard deviation of 2 p.p.m. of
3.9 X 10* p.p.m. Oxygen was present nitrogen dioxide. Although no data
just to check separation, and the for day-to-day variahility of the
multiple oxygen peak was developed standard sample are yet available, it is
merely by decreasing the attenuation by estimated that the within-day standard
factors of two from & value of 128 to 16 deviation would prevail at the level of
~ during the course of the oxygen peak. 2 p.p.m. of nitrogen dioxide. The lower
The sample volume was '/ cc. limit of concentration of about § p.p.m.
Lovelock (2) noted that the electron was set by the noise in the detector
- capture detector should obey the follow- circuit.
/ing equation: Subsequent to the experiments re-
ported in detail here, the noise has been
3~ I = Ie#¢ m significantly reduced by use of a pulsed
{——  inwhichis the measured current in the oty o g hange. - fow
O — Presentt est Sub " attern reduced the noise level by a
%% 4 }"L‘ZBATL centration C, 1. is the baCkg.mund eur- Exutur of twou, and an additivaal l't:\‘lyuc-
g rent or current measured with no elec- tion by a factor of two was obtained
i tron-capturing material in the detector with the pulsed voltage. In this later
TUTTe cell, ar}th 1s a constant. Rearrange- work, argon was used as both carrier
-2 ment of the equation gives and scavenger gas for increased sen-
—I—6ATT C=A—Dinf (2)  sitivity of signal from the detector. The
- best performance in the pulsed operation
— in which 4 and D are constants. [ is was found for a total flow of argon of 40
- obtained by use of the following relation:  ¢c. per minute, a 50-volt output, an on-
time of 4 useconds, and a period of 150 u~
1=1-1, (3) seconds. To minimize the effect of
10 T T | T T
9 b= —
(7]
i w8 SAMPLES LEAST SQUARES FIT OF -
w S l EQUATION 2, T 7.3 PPM
g 5 .
© 2
)
() ~~
X 6} —
— -
HJECTHON-
T%...E _\(— 5 l I I l l
— _\ [+] 20 40 80 80 100
o

Figure 4. Typical chromotogram of
nitrogen dioxide in nitrogen with added
oxygen
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where [, is a decrease in current el-
fected by the presence of the eleetron-
capture substance and is obtained as
the product in appropriate units of the
peak height measured for that substance
and the prevailing attenuation. A
semilog plot of [ as a function of the con-
centration of nitrogen dioxide in parts

CONCENTRATION OF NOo (PPM)

Figure 5. Concentration of nitrogen dioxide as related to detector current for 1 /2-
cc. samples containing nitrogen and up to 9% oxygen



column bleed on the tritium foil in the
detector, the temperature of the detector
was held at 200° C. A noise level of
4 X 107" ampere was observed with a
-background current of 2.6 X 10~
ampere which suggests a limit of detec-
tion of 1 p.p.m. of nitrogen dioxide for
this particular puised system.

In this laboratory, experience with the
ASTM D 1608-60 analysis for nitrogen
dioxide showed a standard deviation of
about 3 p.p.m, at very low concentra-
tions of nitrogen dioxide in comparison
with the 2 p.p.m.-reported here for the
electron-capture unit. In consideration
of the analysis time of 5 minutes for the

182 |

. gas chromatography vs. 3 to 4 days

with the ASTM method and a sample
size of 1/; cc. vs. nominally 1 liter, the gas
chromatographic sanalysis shows ad-
vantages for the particular conditions
studied. Similarly the advantage of
sample size would prevail relative to the
Saltzman (4) procedure. Special care
must be exercised to eliminate water or
any  other impurity that has electrou

- affinity. Where nitrogen is used as a

carrier and scavenger gas, water ap-
parently is the main impurity, and it
may be relatively easily removed by
means of molecular sieves st the temper-
ature of a dry ice-acetone bath.
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PROPOSITION I

This proposition describes a method for the measure-
ment of the Fick Diffusion Coefficient for water in nylon
polymer. The diffusion coefficient can be measured as a
function of temperature and the concentration of water.

In the production of nylon, adipic acid and hexa-~
methylenediamine are reacted to form water and the polymer.
The water is called a condensation product. In order to
increase the molecular weight of the polymer, the water is
removed by passing an inert gas Sver the polymer melt.

The rate of polymerization is thus dependent upon the
hemical reaction and the diffusion rate of water through
the polymer. Therefore, in order to design vessels to
contain this reaction, it is desirable to know the diffusion
coefficient for water through a nylon melt.

The method described in this proposition for the
measurement of the Fick Diffusion Coefficient for the
condensation product through the polymer melt can be applied
to any condensation reacfion. There are many condensation
polymers among which urea-formaldehyde resins, phenol-
formaldehyde resins, adipic acid-hexamethylenediamine, and
| dimethylterepthalate-ethylene glycol are the more common.
The condensation products in the first three reactions are

water. Methanol is the condensation product in the reaction

between dimethylterepthalate and ethylene glycol. There



185

are no published data on the measurement of the diffusion
coefficient for the condensation product in these systems,
although the chemical industry has done some research on
the effect of diffusion during polymerization. The only
known research on thie problem is being carried out in the
Chemical Engineering Department at the University of
Delaware. -

The reaction of adipic acid and hexamethylenediamine
to form nylon will be used to describe the proposed
technique. The Fick Diffusion Coefficient for water through
a nylon melt will be measured. The production of nylon

proceeds by Reaction 1.
n(HOOC%C:)PCOOH) + n(NHz—(CHz)G—NHZ)f—*>
10~ (0c-{_)-con- (cH,) ~NH) -H (1a)
+ (2n—l)H20
2 (10~ (0c{/_-CONE- (CH, ) (~NH) -H) ==
HO-(OC4<:>PCONH—(CH2)6—NH)2n—H (1b)

+ HZO

At the conditions of this study there will be no adipic
acid or hexamethylenediamine present. Therefore Reaction
1b will be the only reaction proceeding.

"Figure 1-Pl is a schematic of the system to be used.
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The diffusion céll is cylindrical in shape. A concentration
gradient has been imposed on the system in the longitudinal
direction (x) by passing an inert gas over the polymer melt.
If it is assumed that there are no concentration gradients
in the radial and angular directions, the material flux due
to diffusion will be entirely in the x direction.

Consider a general material balance on the increment
dx.

in—out+source—sink = accumulation - (2)

At steady state conditions the concentration at any point

will be invariant. If it is assumed that

Rip = Ry (3)

at any point in the system under steady state conditions;

Equation 2 reduces to

in = out or m = constant (4)
For this system

m = m, + mj (5)

and my = 0 (6)

For unidirectional diffusion

m, = us. - DFi dci (7)

dx
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By definition
m = ug

' Using Equations 5, 6, 7, and 8

m=mg., - D do,

1 Fi 1
o dx
. or
mn = -DF. doi
i, )
(l—gi) ax
Since _ | Oi = niO
= - o2
m DFi d(ni )
-n dx
or

@ J/' n,
j[mdx = - Jn, g D d(nic)
o

From Equations 4 and 13,

n .
. 1
mh = & D d(n.0)
ni Fi i
b 1l - n,
1

‘The assumptions inherent in the derivation of

- Equation 14 were,

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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1. Steady state conditions
2. Rlb = Rib at any point in the polymer melt.
3. No concentration gradient in the radial or
angular directions.

4. mj =.O

The boundary conditions on the integral in Equation
14 and the concentration (o) as a function of n, can be
determined easily in ordinary laboratory glassware and
thfough use of standard analytical techniques.

The Fick Diffusion Coefficient will be a function of
the weight-fraction of water at equilibrium (degree of
polymerization). In order to describe the fact that

DFi = f(ni) (15)
various forms of equations,such as polynomials or
exponentials in n,, can be tested for their applicability.
The constants in these expressions can be evaluated and
checked by measuring ﬁ as a function of the polymer layer
thickness and the boundary condition nib in Equation 1l4.

In the production of many polymers, including nylon,
continuous tank reactors are employed. The residence time
for the polymer in the reactor to attain the required
degree of polymerization is a function of the reaction rate
constant and the diffusion coefficient of the condensation

product in the polymer melt. The design of these reactors

could be more easily completed, if data were available for
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the variance and magnitude of these diffusion coefficients.
For this reason it is believed that the work discussed here

would be important and useful.
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Nomenclature¥*

- Specific weight, 1b/ft3.

D, Fick Diffusivity, ft2/sec.

f(qg) Function of g.

h Polymer layer thickness, ft.

ﬁ Material per unit area in the x direction,
lb/ftzsec.

n Weight fraction, dimensionless.

Rlb Rate of Reaction 1b in the forward
direction, pound i produced/ftBSec.

Rib Rate of Reaction 1b in the reverse
direction, pound i produced/ftBSec.

u Bulk velocity, ft/sec.

X Coordinate distance in direction of polymer
thickness, ft.

Subscripts

a Polymer-steam boundary layer.

b Polymer-inert gas boundary layer.

i Diffusing component (water).

j Nylon polymer.

* The F-L-T system of units has been used.
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Figure 1-Pl. Schematic of cell for diffusion studies
of vapors through polymer melts.
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PROPOSITION IT

This proposiﬁion discusses the use of the electron-
capture detector and gas chromatography for the measurement
of electron affinities. Preliminary studies in the
measurement of the electron affinity of nitrogen dioxide
are presented and the problems inherent in the method
discussed.

(1)

Only Wénfworth and Becker have used the electron-
capture detector for the measurement of the electron
affinity of molecules. They made four very basic
assumptions.

(1) The main reaction proceeding in the electron-

capture detector is the following

AB + e = AB (1)

where AB is a neutral molecule.
(2) The reaction is very rapid and is at

egquilibrium.

CAB—

(Cpp) (C )

K = (2)

(3) The statistical thermodynamic egquilibrium

expression is

AB - EA/RT

K = e (3)
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(4) The ratio of the partition functions,

AfAB‘/fAB’ is constant and equal to two for anthracene.

By making these assumptions, Wentworth and Becker
were able to experimentally determine, by use of the |
electron—capturé detector and gas chromatography, the
electron affinities of phenanthrene, pyrene, and anthracene
within 50 percent of the theoretical value.

If assumptions (1) and (2) are made, the data
presented in Part II of this thesis can be used to
calculate the equilibrium constant, K, for nitrogen

dioxide. The féllowing is the result of this calculation.

Temperature,oc Equilibrium Constant x 10—7,$/g.mole

200. : 1L.65
116. | 1.72
89. 1.69
27. 4.43

Since Wentworth and Becker only carried out the
analysis at one temperaﬁure, it was difficult to judge
whether the assumptions were valid. One check for the
validity of assumptions (1) and (2) is to plot 4n K versus
the reciprbcal of the absolute temperature. A straight
line should result with the slope equal to —EA/R. Such
a plot of the above data is truly not a straight line,

which indicates the high probability that reactions other -
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than electron attachment are important in the electron-
capture detector. Certainly with the large amount of
energy available from the p-rays (0.018 mev), considerable
ionization and dissociation reactions may well take place.
Among the possible reactions for nitrogen dioxide that

should be considered are:

Ig + e~ = Ig + 2e (4)
NO, + e = NO + O (5)
NO, + e = NO + O- (6)
NO, + e = N + 20- (7)
NO, + e ® N+ 0.+ 0O (8)
NO, + e = Noz‘ (9)

In addition, any number of the nitrogen oxide compounds
could be ionized to yield positive ions or the ions of
opposite charge could combine.

Indeed, the number of reactions proceeding in the
detector seems quite large. The assumption of the only
reaction in the detector as that shown in Equation 1 is
rather difficult to believe in light of the data and
arguments presented in this proposition. Before accurate
values for the electron affinity of molecules can be

obtained with the electron-capture detector, the important
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reactions that proceed in the cell must be better under-

stood.

References

1. Wentworth, W. E. and Becker, R. 8., J. Am Chem. Soc.,
84, 4263 (1962).
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Nomenclature

Molecule with atoms A and B.
Concentration, g.mole/y.

Electron affinity, cal/g.mole.

"Electron, but not necessarily in thermal

equilibrium with the surrounding gas.
Molecular partition function.
Carrier and scavenger gas in electron-capture
detector (argon or nitrogen).
Equilibrium constant, £/g.mole.
Gas constant, 1.987 cal/g.mole °K.

Absolute temperature, OK.
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PROPOSITION ITT

The Fick Diffusion Coefficient, for the diffusion of
vapors into polymer films based upon an activity gradient,
has been found to be a function of the concentration of the
diffusing vaﬁor; The constancy of the Fick Diffusion
Coefficient using a concentration gradient as a driving
force is compared to the Diffusion Coefficient based upon
an activity gradient.

In the diffusion of vapors into polymers, it has been
found that the ordinary Fick Diffusion Coefficient (DF,k)
varies with concentration. This has been attributed to the
swelling of the polymer. In particular the diffusion of
organic vapors in polyvinyl-acetate has been studied by

Kokes and Long(z). Kokes and Long found experimentally

that,
80
DF,k = Doe k (1)
where Lim DF,k = DO (2)
ck -0
and
: = -D Vo (3)
e F,k k

Inherent in the derivation of Equation 3 was the fact that

the weight fraction of component k was very small.

(3)

"Kuppers and Reid have developed an expression
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for the evaluation of the activity coefficient for vapors
in polymer films wﬁich involves 6 as defined in Equation 1.
Inherent in their derivatidn is the fact that the diffusion
coefficient based upon an activity gradient is a constant.
This is shown to be untrue in this proposition.
| The flux of component k using concentration as a

driving force for diffusion can be written as

m, = vy - Dp k%% = 9y (4)
If activity is considered the driving force for diffusion,

Equation 5 results.

“-“k Bl N R L (5)
Consideration of Equations 4 ;nd 5 yields

Dy,x V3 = Dp o Vo - (8

-If we consider the fact that the activity is a

function of state, then

a, = $(T, P, 01’02"""°nr1) (7)

So

va, = (_a-ik-)P, vT + (?f_k_) VP +

3 P/ T,n

(8)
j_= m-1
PO (2 v
§="1 904 T, P, n;
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For a binary system at constant temperature and pressure

EQuation 8 reduces to

ey = (iis_) Yoy (9)

toled
k/ T, P,.n_
J

Comparison of Eqguations 6 and 9 vields

D.,x = Dp, ’ (10)

aF Xk
== )

T,P,n.
J

Values of the Fick Diffusion Coefficient based upon
a concentration gradient, for three organic compounds
diffusing into polyvinyl acetate, are shown in Figures 1-P3,
2-P3,and 3-P3. The diffusion coefficients are those
reported by Kokes and Long (2) at 40°c. The diffusion
coefficients are seen to be functiones of the concentration
of the system.

Using equilibrium absorption techniques, the activity
of the organic vapor in the polyvinyl acetate has been
reported by Kokes, DiPietfo; and Lonq(l) « These values for
the activity were used in conjunction with Equation 10 to
evaluate the diffusion coefficient based upon an activity
gradient. The results are shown in Figures 1-P3, 2-P3, and
3-P3 for the benzene-polyvinyl acetate, acetone-polyvinyl

~acetate, and propylamine-polyvinyl acetate systems at 40°c.

The Fick Diffusion Coefficient based upon an activity
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gradient is seen to be no more constant than the diffusion
coefficient based on a concentration gradient fbr the
concentration region studied.
From the results presented in this proposition the
Fick Diffusion Coefficient for the diffusion of organic
vapors into polyvinyl acetate based upon a concentration or

activity gradient is seen to be a function of the concen-

tration of the system.
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Nomenclature*

Activity of component k, dimensionless.

Fick Diffusion coefficient for component k
using concentration as a driving force,
ftz/sec.

A Diffusion Coefficient for component k
using activity as a driving force,
1b/ft sec.

Constant, ftz/sec.

Material transport per unit area, lb/ft2 sec.

Weight fraction component k, 1lbs k/total 1bs.

Pressure, lb/ft2

Temperature, OK.

Bulk velocity, ft/sec.

Constant characteristic of system, ft3/lb.

Gradient operator.

Concentration of component Xk, lb/ft3.

k

m

Organic vapor
Number of components in system (1,2,3,...m).

All components other than k and m.

*The F-L~T system of units has becen used.
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Figure 1-P3. Comparison of D and D for benzene
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in polyvinyl acetate as a function of the benzene

concentration.
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WEIGHT FRACTION ACETONE
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Figure 2-P3. Comparison of Da k and DF X for acetone
in polyvinyl acetate as a function of the acetone

concentration.
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WEIGHT FRACTION PROPYLAMINE
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PROPOSITION IV

The selection of a proper partition liquid for a
chromatography column in the separation of a gas sample
containing several components is very often a difficult
problem.- The separation of the nitrogen oxides from
nitrogen or other permanent gases is by no means an
exception. Therefore, this proposition discusses the
. physical and chemical properties for partition liquids
which are required for the separation of the nitrogen
oxides from other permanent gases. Several liquids are
proposed for use in the separation.

Gas-ligquid chromatography is a useful tool for
quantitative and qualitative analysis. It is only useful,
though, when the correct partition liquid and packing
support is used. The separation of several components in a
gas sample depends upon the partition coefficient between
the gas and liquid phase for each component. When the

partition coefficient

N C,
K., = e g (1)
1 C.
1,4
is markedly different for each of the components in the
gas sample, separation will be obtained. 1If the separation
of nitrogen, nitric oxide, and nitrogen dioxide are

desired, a ligquid phase which would give relatively high

but different partition coefficients for nitric oxide and
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and nitrogen dioxide would be required.

The methyl silicone oil, SF-96 (General‘Electric

Company) ,
jHB Cr3 sz
CH3 - 81 -0-]81 - 0|~ 81 - CH3 (2)
CH3 CH3 CH3
s dn

was found to be applicable for the separation of nitrogen
dioxide from nitrogen(z), but no measurable separation was
obtained for nitric oxide from nitrogen. The reason for no
measurable separation was because of the small partition
coefficient for nitric oxide over the silicone o0il. 1In
order to separate nitric oxide from nitrogen, a liquid
phase more polar than the methyl silicone o0il will probably
have to be used. One compound that should be tested for
the separation of nitric oxide, nitrogen dioxide, and

nitrogen is the hydrolyzed trichlorosilane, SF-99,

CIH3 C|H3 'CIH3
HO - Si - 0 - |si - o] - si - oH (3)
OH oH oH
N Jn
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or the cross-linked polymers

0 0 o) (4)
HO - Si - 0 ~-{8Si -0} - 8i - OH

CH CH

One striking point is that the structure of the cross-
(1)

linked silicones is very similar to silica gel

OH OH
| |
- 8i-0-8i- (5)
l I
0 o

which has been used for the separation of nitric oxide
- from nitrogen(3).
Another compound that might prove to be an
acceptable partition liquid for the separation of nitric

oxide, nitrogen dioxide, and nitrogen is the methyl phenyl
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silicone oil, SF-1017,

CH3 ; CH3

CH, - S1i -0~ 8i -0 (6)

|

CH3 CH3

Other relatively ‘polar compounds such as aromatic oxr
long chain amines should alsoc be tried as partition
liquids in the separation.

In conclusion, relatively polar compounds should
be tested for the separation of nitric oxide, nitrogen
dioxide, and nitrogen. Materials which possess.a large
number of free hydroxyl or amide groups should yield a
highlpartition coefficient for nitric oxide and nitrogen
dioxide because of the attraction of the negaltive oxygen
atom in the nitrogen oxides for the positively charged
portion of the polar partition liquid, thus increasing

the probability of the separation.
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Nomenclature

Concentration of‘component i in the gas phase,
g.mole/L .

Concentration of component i dissolved in the
liquid phase at equilibrium when the concen-
tration of component i in the gas phase is

C g.moles/i .

i, g’
Partition coefficient.
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PROPOSITION V

This proposition describes a technique for deter-
mining whether diffusion through a catalyst pore is
controlled by wall or molecular collisions. An approxi-
mate method is given for the calculation of the effective
diffusion coefficient in a catalyst pore when both wall
and molecular collisions control the transport process.

In determining the effective activity of the surface
insidc the porec of a catalyst, Thielé3) has used an
effective diffusion coefficient. When the pore diameter
is much smaller than the mean free path in the gas phase,
the collisions of the molecules with the wélls of the
cylinder control the rate of diffusion through the pore.
When the pore diameter is much largér than the mean free
path, the diffusion Qill be controlled by molecular
collisions. A diffusion coefficient for transport through
a pore, when the rate is controlled by wall collisions, has
been derived by Knudseéz)- The Fick Diffusion Coefficient
can be used when the transport is due to molecular motion
involving only intermolecular collisions. If the transport
process 1lnvolves both wall and intermolecular collisions,
the question arises as to what must one use for the
effective diffusion coefficient. If it were possible to
determine the fraction of collisions which involve the

pore wall, this question could be answered more easily.
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The calculation of the fraction of collisions, Pw'
which involve the pore wall can be carried out in the
following manner. Figure 1-P5 shows the path of a mole-

cule leaving the point (rl,Bl,O) and colliding with the wall

at(RfGZ’ZZ)‘ It can be seen that Pw is unity if vy is

between 0 and cos_l %n Therefore, the probability of a wall

collision for a molecule with a path length £ and which

has passed through (rl,el,O) is

_ cos (%—)
Pwrl,el,92,£ = %7 | (1)
From the geometry of Figure 1-P5, it can be seen that
j2= rl2 + R2 - Zrl R cos(B2 - el) (2)

Since Pw is for one molecule, the probability

rl,Gl,ez,E

of a wall collision must be summed over all possible

molecular paths, i.e.,

B=te Jo Jo Jo Bylr1i81.0508) lx;.01.0,,4)dr;d8,d0,d 4 (32)

P, = 0ifj> & (3b)

If the following assumptions are made,
1. Independent distribution functions for
STTAPYES

. 2. Rectangular distribution functions for

rl,91,92.
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3. Maxwellian distribution for 4.

Equations 4, 5, and 6 result.

B
g(8) = o= (4)
1
g(r)) =% (5)
gls) = Rl | (6)

Since the distributions are independent, Pw is not a
function of 91; therefore a new variable, 8= 6, - 6,
can be defined. 1Insertion of Equations 1, 2, 4, 5, and

6 1into 3 yields

© 2w R :
P, = 21 / e"’z/)‘d zf ae f drl cos—l(%) (8a)
T“RA 0 0 0
Rw =0 for j > % (8b)

If the following dimensionless variables are

defined as

r
1
R (9).

i JZ/)\ (10)

the final equation for Pw results

o -1 21 4J 2
A Y | / -1( n +l-2ncose>
P = —= c du dn d® cos — 1 (1lla)
wop2 7 o 0 B A /R
Pw.= 0 for 3 > & (11b)
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Equation 11 was solved by numerical techniques on an
IBM 7094 computer. The results are presented in
Figure 2-P5. It is interesting to note that for 95% of
the collisions to involve the wall, the ratio of the mean
free path to the pore radius must be at least 50. On the
other extreme if the mean free path is-% the pore radius,
less than 5% of the collisions are involved with the wall.
This means that at atmospheric pressure the pore radius
must be 20 A° or less for Knudsen diffusion to predominate,
or must be greater than 3000 a° for the transport process
to be controlled by ordinary gas phase diffusion. As the
pressure of the system changes, these results will vary in
relation to the change in A.

The results presented above define the limiting
conditions for the two transport processes. Although some

(1)

material has appeared in the literature for the
determination of the effective diffusion coefficient when
the transport process is controlled by both wall and
intermolecular collisions, the calculation is far from
finalized or rigorous. If the two transport processes
are considered to be linear functions of one another, an

approximate effective diffusion coefficient can be

calculated from Equation 12.

D =PD, .+ (L-P)D

eff wK,i . w B,1 (12)
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In conclusion, the results presented in this
proposition define the limiting conditions for the two
transport processes,'i.e., Knudsen flow or molecular
diffusion. A method has been proposed for the evaluation
of an effective diffusion coefficient in a catalyst pore
when trahsport is controlled by both Knudsen and molecular
diffusion. These results are especially useful for
determining the effective activity of the surface inside a
catalyst pore by the Thiele Method(4) or in designing
experiments for the study of diffusion in this transition

region.
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Nomenclature

A Mean free path in the gas, cm.

Deff Effective diffusion coefficient, cmz/sec.

DB,i Fick (Molecular) diffusion coefficient, cm2/sec.

DK;i Knudsen diffusion coefficient, cmz/sec.

f(g) Function of g.

2 Distance a molecule must travel in the gas phase
before colliding with another molecule, cm.

ﬁB,i Flux of component 1 in Z direction due to Fick
Diffusion, * g/cmzsec.

Pw Fraction of collisions which involve the pore wall.

P System pressure, atmospheres.

R Radius of pore, cm.

r,0,% Cylindrical coordinates.

Subscripts

1 Point where path of molecule intersects cross
section at Z2 = 0.

2 Point where path length,f, of molecule touches
the pore wall.

rl,el,ﬂ At constant rl,el, and £.

* Fick Diffusion

. g,
3t

My, 3 = D51 T2
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FRACTION OF COLLISIONS
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Figure 2~P5. Fraction of collisions which involve

the pore wall as a function of x/R.



